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Editorial on the Research Topic 


Integrated marine biosphere research: ocean sustainability, under global change, for the benefit of society


The Integrated Marine Biosphere Research (IMBeR) initiative is an interdisciplinary global environmental change research network with the mission to promote integrated marine research and enable capabilities for developing and implementing ocean sustainability options within and across the natural and social sciences, and to communicate relevant information and knowledge needed by society to secure sustainable, productive and healthy oceans. IMBeR began in 2005, and currently includes four regional programmes (Climate Impacts on Oceanic Top Predators (CLIOTOP), Ecosystem Studies of Sub-arctic and Arctic Seas (ESSAS), Integrating Climate and Ecosystem Dynamics in the Southern Ocean (ICED), and Sustained Indian Ocean Biogeochemistry and Ecosystem Research (SIBER)), five working groups (Human Dimensions (HDWG), Continental Margins (CMWG), SOLAS-IMBeR Ocean Acidification (SIOA), and Integrated Ocean Carbon Research (IOC-R)), and three study groups (Eutrophication, Indo-Pacific Region and Ocean colour), encompassing a community of more than 6000 individual researchers from more than 110 countries.

The 31 articles included in this Research Topic developed from contributions to IMBeR’s second open science conference Future Oceans 2, or from studies either supported or influenced by IMBeR activities. The global and collaborative nature of this effort is demonstrated in the Research Topic – the first authors of these articles represent 14 countries, 23 of the articles have co-authors from institutions in more than one country (a range of 1 – 10 countries per article, mean 3.4 countries) and all but one article are multi-authored (1 – 27 co-authors per paper, average 8.4). A companion Research Topic: ‘Solving complex ocean challenges through interdisciplinary research: Advances from early career marine scientists’ was initiated at the same conference and led by members of the IMBeR network for early career researchers, the Interdisciplinary Marine Early Career Network (IMECaN) (Brodie et al., 2022). This also highlighted strong global collaboration with 41 first authors representing 16 countries.

To achieve the IMBeR mission, the 2016 – 2025 IMBeR science plan (Hofmann and the IMBeR Scientific Steering Committee, 2016) identified three Grand Challenges (GC): I) to understand and quantify the state and variability of marine ecosystems; II) to improve scenarios, predictions and projections of future ocean-human systems at multiple scales; and III) to improve understanding and interaction between IMBeR science, policy and society to achieve improved governance, adaptation to and mitigation of global change, and transitions towards sustainability including human well-being. Each of the papers in the Research Topic contributes to one or more of these Grand Challenges, as described below.




GC I: To understand and quantify the state and variability of marine ecosystems

This GC is directed at using a whole-ecosystem approach to understand, detect, and quantify the effects of natural and anthropogenic change on marine ecosystems. The two priority research areas address linkages between food webs and biogeochemical cycles, with a focus on the processes that affect ecosystem structure and functioning and responses to change, and the range of time and space scales over which these processes and responses operate.

Articles in this Research Topic that contribute to GC I include those which investigate the relationships between key modes of climate variability, such as the El Niño Southern Oscillation (ENSO) and marine heatwaves (Su et al.) or the catch of functional groups such as fish, crabs, and eels (Alms and Wolff). The marked increase in the amount of both in situ and remotely sensed observations used to assess natural and human-induced changes in the marine environment requires the development of tools to handle large amounts of data and to generate products for both scientists and policymakers. Schmidt et al. describe the strategy of Ocean Data Information and Services (ODATIS) to become the gateway for all French marine data according to Findable, Accessible, Interoperable, and Reusable (FAIR) principles for data producers and users.

Using data and information on anthropogenic nutrient loadings and their impacts, Malone and Newton compare seven coastal ecosystems to assess the synergies between anthropogenic nutrient loading, overfishing, coastal development and climate driven increases in sea surface temperature, acidification and rainfall. They conclude that sustained integrated research and monitoring is required to enable effectively enforced ecosystem-based management of both point and diffuse sources of nitrogen and phosphorus. Cui et al. showed that nutrients were linked to coliform bacterial (CB) abundance in surface seawater in Jiaozhou Bay, China, and the measured spatial heterogeneity suggested a link to human activities and sewage discharge. CB abundance decreased throughout the study period, with significant drops in abundance at times which aligned with implementation of environmental governance actions. The study concludes that long-term monitoring of CB is valuable not only for indicating seawater quality but also for informing environmental governance strategies and pollution control efforts.

The GC I focus on whole ecosystem understanding requires addressing little known or poorly studied aspects of marine food webs, including the role of zooplankton in ocean carbon storage. Halfter et al., in a review of the impact of zooplankton grazing and the production of fecal pellets on carbon export in the subantarctic, conclude that zooplankton play an important role in the magnitude of the biological carbon pump, but that method bias and under sampling of the mesopelagic zone impede understanding and quantification of the zooplankton carcass and migratory flux.

The Barents Sea is a high-latitude shelf ecosystem known for its significant fisheries, fluctuating harvesting pressure, and variable climatic conditions. Pedersen et al. utilized a food web model to analyze the carbon flow pathways and the impact of harvesting intensity and climate variability on the Barents Sea ecosystem. The study identified the krill pathway as crucial, supplying both medium and high trophic levels, and highlighted a complex interplay between fisheries and the variability of lower trophic level groups. This interaction differed between boreal and Arctic functional groups, underscoring its significance for ecosystem management.

The complexity of biogeochemical cycles and human interactions across scales of temporal and spatial variability are also key to GC I. Understanding the environmental parameters which drive these cycles and interactions at the local ecotype could ultimately be used to extend to the regional scale. Lundevall-Zara et al. used this approach to derive coastal methane emissions from measurements of methane flux and habitat characterization (algal biomass, sediment organic carbon, temperature and wind speed).





GC II: To improve scenarios, predictions and projections of future ocean-human systems at multiple scales

Central to GC II is recognition of the need to generate models and develop projections of the future state of connected ocean-human systems (also termed marine socio-ecological systems) across not only aspects of physical, biogeochemical, and ecological science, but also aspects of human systems and social sciences.

The Shared Socioeconomic Pathways (SSPs) framework was developed to encompass society-natural system interactions to provide scenarios of how the application of different socio-economic policy strategies in response to climate change (in aspects of mitigation and adaptation) affect the future state of the Earth system (O’Neill et al., 2017; Kriegler et al., 2012). IMBeR scientists and colleagues developed the SSPs approach to generate relevant scenarios for policy development for oceanic systems (Maury et al., 2017). A key requirement is to develop approaches to generate assessments of the potential future outcomes of alternative policy strategies for different marine sectors (e.g. commercial fisheries, aquaculture, or local community fisheries) in regional and local oceanic systems.

Four articles in this Research Topic describe studies that include social-economic perspectives in the development of scenarios for assessing future impacts of climate change in regional and local ocean systems. Pinnegar et al. developed four SSPs and projections to explore different adaptation and mitigation strategies for European aquaculture and fisheries. The article highlights the importance of an open and collaborative process, involving diverse stakeholders with a high level of expert and specific system knowledge, to generate useful scenarios for regional application. The authors indicate that the approach can be adapted for application at different scales and call for the wider application of the SSPs scenario framework for exploring the potential impacts of climate change in ocean ecosystems. Hamon et al. and Kreiss et al. report how the scenarios created by Pinnegar et al. were applied to explore the potential impacts of change over the next two to three decades in aspects of European fisheries and aquaculture respectively. Hamon et al. describe how the quantitative information needed to apply bio-economic fisheries models in European wild-capture fisheries was generated. That process involved expert knowledge and information from diverse literature sources and workshops involving a wide range of stakeholders (including those directly involved in the fishing industry and policy makers) and identified a series of variables required for modelling the impacts of change. The authors then applied the scenarios in a specific case study of the North Sea Flatfish fishery using a spatially explicit bio-economic model. The derived projections indicated the importance of future fish and fuel prices in determining the future viability and sustainability of the fishery.

Kreiss et al. undertook a similar approach to derive appropriate scenarios based on the key factors for the aquaculture sector that could change in the future. The scenarios were applied to generate projections of the profitability of European aquaculture by the middle of the century and then used to explore the influence of different scenarios of climate change and societal and economic trends. The study indicated that, rather than the direct effect of climate-driven changes, future profitability of European aquaculture was more sensitive to the future costs and returns and more specific aspects of the local industry operation (e.g. marketing of products). The combination of studies (Kreiss et al.; Hamon et al.; Pinnegar et al.) suggest that the process of scenario development provides important tools for raising awareness of the potential impacts of future climate change, and that the application of a common scenario framework is important for assessing and comparing the potential bio-economic impacts of climate change across fisheries and aquacultural sectors.

Garteizgogeascoa et al. explored the development of future scenarios for the marine social-ecological systems associated with the Humboldt Current Upwelling System of Peru. The study generated narrative potential future trajectories for the next two decades through a co-development process by engaging with the interests, concerns and knowledge of stakeholders. The results emphasized the importance of acknowledging uncertainties in future scenarios, and of drawing on a wide range of different stakeholder perspectives in the co-development of scenarios. The study also highlighted the need to downscale and provide realistic contexts for scenario development for regional and local settings. The authors suggest that the multi-stage collaborative co-development approach reported in their study can provide a basis for incorporating crucial knowledge on aspects of social dynamics for assessing impacts of potential future change and policy development.





GC III: To improve understanding and interaction between IMBeR science, policy and society to achieve improved governance

The third GC focuses on marine governance, including the acquisition, mobilization and provision of evidence-based science advice for marine managers, policy makers and other research end-users. This topic is increasingly important as a growing number of sectors use the ocean for economic returns, and as such come into conflict with existing cultural and livelihood uses and the desire for recovery of previously overexploited systems. IMBeR has long advocated for the importance of collaborative, integrated and interdisciplinary research (Hofmann et al., 2015), a stance which becomes especially relevant to the solutions oriented United Nations Decade of Ocean Science for Sustainable Development (2021 - 2030) (UNESCO-IOC, 2021) and the Sustainable Development Goals (2015 – 2030, especially goal 14 on Life Below Water that promotes the conservation and sustainable use of the oceans, seas and marine resources for sustainable development). Collaboration with social scientists and inclusion of societal perspectives and human dimensions in analyses of ocean systems is central to IMBeR science, recognizing the importance of social-ecological and socio-economic processes in determining the future state of the ocean and for the development of ocean policy. For example, Melbourne-Thomas et al. (2022) argued for including human dimensions in decade scale prediction systems, despite considerable difficulties. To overcome this challenge, they highlighted the important role of co-production to build trust and ensure uptake with end users. van Putten et al., in a review of a decade of efforts moving towards interdisciplinarity within IMBeR, documented successes including significant increase in attendance of social scientists at IMBeR events, creation of specific human dimensions working groups and research focused on the socio-economic systems dependent on oceanic top predators (Evans et al., 2020). However, they also recognized that the original, largely natural science goals of the regional programmes, and the lack of institutional support and encouragement to initiate connections with social science, hindered interdisciplinarity. They propose that future research programmes should have a truly interdisciplinary strategic plan and integrate specific funding, interdisciplinary events, within-programme-reflections and social science champions.

Popova et al. also recognize a ‘whole system’ approach to the marine environment and introduce the concept of ‘socio-oceanography’ to describe this. These authors also identify significant barriers to the development of interdisciplinarity, ranging from funding and publication models favouring disciplinary projects and articles to institutional cultures focused on developing individuals rather than interdisciplinary teams. They call for marine natural scientists and their funders, governing bodies and communicators to embrace the interdisciplinary nature of marine science. One step further, transdisciplinarity (involving non-academic participants such as policy makers, managers, research communicators, stakeholders and indigenous knowledge holders) aims to ensure research is relevant and can be applied as a service to society. Traditional ecological knowledge held by Indigenous peoples, has the potential to significantly enrich scientific comprehension of the marine environment. Working with the Anindilyakwa people of the Groote Eylandt Archipelago, Australia, Davies et al. developed benthic habitat maps suitable for conservation and management planning while also supporting the prioritization of indigenous values in the decision-making process. The loss of indigenous fishery-related knowledge is seen as a major threat to the sustainable management of marine and freshwater fisheries in Fiji and the Pacific Islands (Kitolelei et al.). In a systematic review, these authors document the drivers of such loss and propose solutions to protect and enrich this vital contribution to the conservation of ecological keystone and culturally important species.

Marine protected areas (MPAs) are an important mechanism for coastal conservation and management, but concerns about their abilities to meet the combined conservation-development goals remain. Pelletier describes how a programme of transdisciplinary research was used to successfully measure the effectiveness of MPA management. The assessment recognizes four lessons learned that fostered science-based management, including early and inclusive co-design, and also highlighted the length of time (up to 15 years) needed to establish a successful transdisciplinary consortium.

Several articles in this Research Topic address the role of the values and beliefs of local fishing communities in the resilience of small-scale fisheries to economic, policy and environmental challenges (Berenji et al.). Andrews et al. used narrative interviews with fishers to highlight values-oriented factors that shaped how fishers coped and adapted to change and uncertainty, emphasizing the need to incorporate fisher behavior into models, policies, and management approaches for improved governance outcomes. Personal values are also important in explaining support for sustainable management (Sánchez-Jiménez et al.). These authors assessed the effects on the pro-environmental behaviour of Costa Rican gillnet fishers of workshops which incorporated ecosystem modeling to present changes in the food web that result from fishing. The study indicates the importance of such education interventions to help participants perceive themselves as capable of implementing actions or changing their behaviour to strengthen co-management schemes.

Sultana et al. used a case study of the COVID - 19 pandemic and a 65-day seasonal fishery closure in coastal Bangladesh to investigate multilevel (individual, household and community) social-ecological systems resilience. They found that resilience relied on combining persistence (fishing remains the main source of income) with adaptation (diversifying income sources) and thus identified a range of policy implications of the study. Islam et al. investigated the fishers’ perceptions of the socio-economic and ecological impacts of the same fishing ban, which was imposed to ensure the conservation of fish stocks. Almost half of the respondents thought that the closure would increase fishery catch when the ban was lifted, while almost all fishers perceived negative consequences related to the loss of income. The study highlighted the social inequity and environmental injustice involved in the fishery closure and made several recommendations to improve both conservation of resources and sustainability of the fisheries, based on involvement of fishers and their local ecological knowledge in an ecosystem-based management approach.

Integrated coastal and marine management (ICM) aims to restore biological productivity, biodiversity and habitat while also enhancing quality of life through economic development. Eger et al. assessed ICM governance arrangements in the Bay of Fundy, Canada with a view to improve national ICM operationalization and inform international efforts. These authors found site specific differences and so recommend more attention be given to strategies that incorporate local history, the unique capacity of actor groups and location-specific social-ecological systems objectives.

Integrated management is becoming a commonly articulated goal by regulators, managers and communities around the world, but progress is hampered by seemingly different but often conflicting approaches. For example, terms such as social-ecological systems approach, ecosystem-based management, integrated management, marine spatial planning and participatory co-management have parallel literature streams and seem to compete for attention. Stephenson et al. show that there are more similarities than differences in these integration concepts. Overall, the concepts reflect a strong focus on ecological and governance considerations, moderately strong for economic aspects, and are weakest for the social-cultural pillar of full spectrum sustainability. There is no hierarchy or best concept. Pragmatically, different concepts are used in different areas, and a combination of concepts and objectives will need to be woven together to achieve a cohesive quilt of sustainability and the development of more hybrid approaches.

Just as integrated terminology is diverse, so are the methods used to explore the outcomes in integrated ocean systems. Predictions, projections, scenarios, narratives, visions and intuitions can all be generated at a range of different spatial and temporal scales. While each can provide a different insight into a system future for a region, unified analysis remains elusive. Boschetti et al. propose a general framework to combine conceptual models, numerical projections and scenario narratives to generate a system view of the functioning of the Blue Economy sectors as applied to Australian oceans. This approach supports sector-based marine planning with a consistent and repeatable framing and can help researchers, managers and stakeholders reach a shared understanding of system interactions and the potential impact of future shocks to national and international drivers.

The expanding Blue Economy is seeing new sectors proposed, including deep-sea mining (DSM). This expansion should benefit communities through revenue generation, without compromising other values such as conservation and cultural connections. This latter risk is prominent in the Pacific, where traditional approaches to seabed resource management may be overlooked. In companion papers, Tilot et al. first consider how recognition of “Oceanian Sovereignty” should lead to policies, governance and management, and practices which acknowledge the value of environmental protection and social justice for marine spaces and resources. In the second paper, Tilot et al. expand on this concept as relevant to DSM from legal, environmental, anthropological, social, political, and economic science perspectives. They find that lessons from the Pacific have wide applicability in terms of reconciling competing perspectives.

When there is conflict between states and ocean users in contested regions, dispute resolution processes are sometimes enacted. Six case studies of maritime disputes around the world involving conflict, and in particular border disputes, are presented by Teff-Seker et al. In all cases, high ecological value, vulnerable ecosystems, and the need to conserve ecosystem services provided a shared interest for cooperation despite on-going diplomatic difficulties. As the Blue Economy expands, conflicts between sectors are likely to become more common and will undermine management and conservation objectives. Bellanger et al. also take a case study approach to examine how inter-sectoral conflicts can be addressed. They discuss the feasibility and key determinants of stakeholder collaboration and the use of compensation and incentive schemes. In this increasingly crowded ocean, future research must support policy development that considers the diversity of stakeholder interests and exposes the benefits of cross-sectoral coordination.





Capacity development

An important goal of IMBeR is the development of the next generation of interdisciplinary marine professionals, through mentoring, summer schools (Cvitanovic et al., 2024) and the creation of the Interdisciplinary Marine Early Career Network (IMECaN). The aim of IMECaN is to provide a networking platform for early career marine professionals to develop collaborations and provide training in areas not traditionally provided through formal education. A specific focus is on facilitating leadership opportunities particularly for early career researchers from developing nations and the Global South (Palacios-Abrantes et al., 2025). To ensure welcoming workplaces for early career marine scientists, it is important to understand the challenges they face (Osiecka et al.). These authors synthesized the results of an online survey of 492 people mostly aged between 22 and 35, female and from the USA or Europe who achieved their latest degree no longer than seven years ago. The responses highlighted strong economic barriers to access education and alarming levels of burn-out rates and mental health issues. Recommended actions to support early career marine professionals included mentoring, providing a safe working environment, adequate funding and fair pay to all field workers.





Future research priorities

One aim of this Research Topic was to review and assess scientific progress to help develop a future ocean research strategy. The timing of the Research Topic coincided with the global emergency of the COVID - 19 pandemic. Murphy et al. examined global scientific and policy responses to the pandemic to consider potential lessons for the ocean science community. These authors highlighted the importance of preparing and planning for future threats to the ocean and proposed the urgent need for the development of an ‘Action Plan for the Ocean’. To develop the Action Plan, the study defined a risk-based framework for application from local to global scales, involving multiple stakeholders and diverse perspectives. The authors called on the ocean science community to unite to develop an Action Plan for the Ocean and the activity continues to develop as an IMBeR research initiative with a goal of involving participants from more than 100 maritime nations.

Figure 1 helps us articulate the diversity of themes explored in contemporary socio-oceanography and marine sciences, highlighting key areas such as social-ecological systems, fisheries governance, climate impacts, traditional knowledge, marine policy, and ocean sustainability, among over 100 words, terms, concepts, methods, approaches, and geographies identified from the titles and key words of the 31 articles in this Research Topic through simple ocular enumeration. These themes offer a nuanced understanding of the broad range of future research areas, topics and priorities within the scope of integrated marine biosphere research aimed at making progress toward ocean sustainability.
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Figure 1 | Wordcloud of the themes, concepts, methods and geographies identified from the titles and keywords of the 31 articles in this Research Topic.

Each of the IMBeR Grand Challenges has ongoing societal and governance relevance, and to ensure sustainable ocean use with a vibrant Blue Economy there is much work still to be done. The 31 articles in this Research Topic provide a rich scientific foundation for ongoing interdisciplinary research and policy/practice driven work. This is reflected in the diverse range of topics and formats (policy and practice review, case study, perspective etc.) used by the 260 authors. These 31 articles captured over 110 marine social-ecological topics, themes and concepts in socio-oceanography and marine sciences, and ecosystem types and geographical regions as the focal points for ongoing and future ocean-human systems research (Figure 1). This IMBeR Research Topic thus underscores the scientific capacity, motivation and vision within the research community to meet emerging challenges and make progress towards ocean sustainability for the benefit of society under pressing global change processes.
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Coastal eutrophication caused by anthropogenic nutrient inputs is one of the greatest threats to the health of coastal estuarine and marine ecosystems worldwide. Globally, ∼24% of the anthropogenic N released in coastal watersheds is estimated to reach coastal ecosystems. Seven contrasting coastal ecosystems subject to a range of riverine inputs of freshwater and nutrients are compared to better understand and manage this threat. The following are addressed: (i) impacts of anthropogenic nutrient inputs on ecosystem services; (ii) how ecosystem traits minimize or amplify these impacts; (iii) synergies among pressures (nutrient enrichment, over fishing, coastal development, and climate-driven pressures in particular); and (iv) management of nutrient inputs to coastal ecosystems. This comparative analysis shows that “trophic status,” when defined in terms of the level of primary production, is not useful for relating anthropogenic nutrient loading to impacts. Ranked in terms of the impact of cultural eutrophication, Chesapeake Bay ranks number one followed by the Baltic Sea, Northern Adriatic Sea, Northern Gulf of Mexico, Santa Barbara Channel, East China Sea, and the Great Barrier Reef. The impacts of increases in anthropogenic nutrient loading (e.g., development of “dead zones,” loss of biologically engineered habitats, and toxic phytoplankton events) are, and will continue to be, exacerbated by synergies with other pressures, including over fishing, coastal development and climate-driven increases in sea surface temperature, acidification and rainfall. With respect to management, reductions in point source inputs from sewage treatment plants are increasingly successful. However, controlling inputs from diffuse sources remains a challenging problem. The conclusion from this analysis is that the severity of coastal eutrophication will likely continue to increase in the absence of effectively enforced, ecosystem-based management of both point and diffuse sources of nitrogen and phosphorus. This requires sustained, integrated research and monitoring, as well as repeated assessments of nutrient loading and impacts. These must be informed and guided by ongoing collaborations among scientists, politicians, managers and the public.
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INTRODUCTION
During the course of the Twentieth century, increases in anthropogenic inputs of nitrogen (N) and phosphorus (P) to coastal ecosystems via river discharge to coastal ecosystems became the primary cause of eutrophication and consequent ecosystem degradation in coastal ecosystems worldwide (Rabalais et al., 2009, 2010; Paerl et al., 2014), a trend that is arguably the most widespread anthropogenic threat to the health of coastal ecosystems (Rabalais et al., 2009, 2010; IPCC, 2014). The European Union defines cultural eutrophication as The enrichment of water by nutrients, especially compounds of nitrogen and phosphorus, causing an accelerated growth of algae and higher forms of plant life to produce an undesirable disturbance to the water balance of organisms present in the water and to the quality of the water concerned, (European Commission, 1991). Nixon (1995) defined eutrophication as an increase in the rate of supply of organic matter to an ecosystem and noted that increases in the supply of organic matter to coastal ecosystems have various causes, the most common being excess inputs of labile, inorganic N and P.
Organic matter (OM) in coastal ecosystems is derived from both autochthonous primary production and allochthonous inputs from outside the ecosystem. Evidence suggests that the coastal ocean as a whole has become net autotrophic (primary production of organic carbon > respiratory metabolism of organic carbon) due to increases in anthropogenic inputs of inorganic nutrients (Deininger and Frigstad, 2019). This is consistent with the conclusion that increases in autochthonous phytoplankton production are the primary cause of cultural eutrophication in coastal ecosystems (Rabalais et al., 2009; Bauer et al., 2013). Hence, for our purposes, we define the process of cultural eutrophication as increases in the supply of organic matter to an ecosystem that is fueled by anthropogenic inputs of inorganic nutrients where increases in organic matter are most often due to excess1 phytoplankton production.
It is generally agreed that N is the primary cause of eutrophication in most coastal ecosystems2 (Howarth and Marino, 2006; Paerl, 2018). During the last half of the twentieth century, the global supply of dissolved inorganic nitrogen (DIN) doubled due to anthropogenic activities (Boyer and Howarth, 2008; Beusen et al., 2016; Lee et al., 2016). Anthropogenic inputs of N into the global environment (160 Tg N yr–1) now exceed all natural N-fixation in the ocean (140 Tg N yr–1) as well as the proposed planetary boundary3 of 62 Tg N yr–1 (Steffen et al., 2015). By 2050, the anthropogenic production of DIN is expected to be ∼ 2 times higher than in the 1990s (Galloway et al., 2004; Gruber and Galloway, 2008; Jickells et al., 2017). Thus, we focus on N enrichment as a pressure on ecosystem states and the resulting changes in ecosystems states as follows: (i) impacts of anthropogenic N enrichment on coastal ecosystems; (ii) how ecosystem-specific characteristics minimize or amplify these impacts; (iii) synergies between nutrient enrichment and other anthropogenic pressures; and (iv) the management of anthropogenic nutrient inputs and their impacts.



COASTAL ECOSYSTEMS AND SERVICES

Sustainable development depends on healthy ecosystems that provide four categories of services valued by society (Millennium Ecosystem Assessment [MEA], 2005; United Nations Environment Programme [UNEP], 2006; Malone et al., 2014; Culhane et al., 2020):

	•Regulating services (e.g., climate control4, prevention of coastal erosion, limiting the extent and impacts of coastal flooding, and maintenance of water quality);
	•Provisioning services (e.g., supplies of food, raw materials, and pharmaceuticals;
	•Cultural services (e.g., recreational, aesthetic, and spiritual benefits); and
	•Supporting services (e.g., presence of critical habitats5 and biodiversity, primary production of organic nutrients, oxic conditions, and optimal nutrient cycling) which underpin the capacity of coastal ecosystems to provide regulating, provisioning, and cultural services.



Coastal eutrophication threatens the provision of these services worldwide. Globally, people are concentrated in the coastal zone (Small and Cohen, 2004; Neumann et al., 2015) where the value of ecosystem services is greatest and where they are most at risk from convergent anthropogenic pressures (Halpern et al., 2008; Barbier et al., 2011; Cooley, 2012; Costanza et al., 2014, 2017; Elliff and Kikuchi, 2015; Solé and Ariza, 2019). Given synergies among these pressures (e.g., Rabalais et al., 2009; Newton et al., 2012; Bergström et al., 2019), management of anthropogenic nutrient enrichment should be implemented with due consideration of multiple pressures, especially over fishing (Worm et al., 2006), coastal development (Martínez et al., 2007), and climate-driven pressures (Huntington, 2006; Hoegh-Guldberg and Bruno, 2010).



FRAMEWORK FOR ADDRESSING THE PROBLEM OF COASTAL EUTROPHICATION

Cloern (2001) described the evolution of research on cultural eutrophication during the twentieth Century (phases I and II) and articulated a vision for how the problem can become better understood and managed during the twenty-first Century (phase III). Phase I focused on anthropogenic nutrient inputs as the primary pressure on ecosystems and on the resulting changes in ecosystem states. Phase II expanded this approach to consider nutrient inputs in the context of other pressures including coastal development and over fishing. This underscored the need for ecosystem-based approaches (EBAs)6 to managing pressures on ecosystem services (Imperial and Hennessey, 1996; Levin and Lubchenco, 2008; UNESCO, 2012).

Guided by five questions, Phase III articulates a way forward for the twenty-first century (Cloern, 2001):


(i)How do ecosystem-specific attributes constrain or amplify the effects of anthropogenic nutrient enrichment on ecosystem states?

(ii)How does nutrient enrichment interact with other pressures to alter ecosystem states?

(iii)How are multiple state-changes related to multiple pressures?

(iv)How do changes in ecosystem states impact the health and wellbeing of species, including Homo sapiens?

(v)How can advances in scientific understanding of eutrophication be applied to manage and mitigate the effects of multiple anthropogenic pressures?



The Driver-Pressure-State-Impact-Response model (Bowen and Riley, 2003; Niemeijer and de Groot, 2008; Elliott et al., 2017) provides a framework for understanding the linkages between drivers (e.g., population growth, industrial agriculture, and combustion of fossil fuels) that generate pressures, changes in ecosystem states and services, and human responses to these changes (Figure 1).
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FIGURE 1. The framework is conceptualized in terms of (1) anthropogenic pressures on ecosystem support services that (2) are uniquely modulated by each ecosystem as they perturb (3) ecosystem support services (states), changes in which impact (4) regulating and provisioning services. Human responses to these impacts (5) include efforts to manage and mitigate pressures, to restore supporting services, and to adapt to changes in states (modified after Cloern, 2001).




NUTRIENT ENRICHMENT


Global Trends and Patterns

Phytoplankton production is both the foundation of most marine food webs that support provisioning services and a source of excess organic matter that often leads to coastal eutrophication. Today, coastal eutrophication is a global problem (Figure 2), especially in the northern hemisphere, along the western margins of the Atlantic and Pacific Oceans, and in European coastal waters (Howarth, 2008; Nixon, 2009; Rabalais et al., 2009, 2010; Cloern and Jassby, 2010; Cloern et al., 2014).
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FIGURE 2. Global distribution of eutrophic coastal marine ecosystems (adapted from Breitburg et al., 2018). Recent coastal surveys by the United States and the European Union found that 78% of U.S coastal waters and 65% of Europe’s Atlantic coastal waters exhibit symptoms of eutrophication.


In five years (1998–2003), surface chlorophyll-a (Chl)7 concentration increased by 10% in the coastal ocean (Gregg et al., 2005), largely as a consequence of land-based, anthropogenic N inputs (Justić et al., 1995; Jørgensen and Richardson, 1996; IPCC, 2014). Changes in coastal ecosystem states due to coastal eutrophication include:

	•The occurrence of dead zones (hypoxic or anoxic8) zones that develop when excess organic matter sinks below the pycnocline9 where it is metabolized by aerobic, heterotrophic bacteria (cf., Malone et al., 1988). The number of oxygen depleted coastal ecosystems has increased globally from < 5 prior to WWII to ∼700 today (Vaquer-Sunyer and Duarte, 2008; Altieri and Diaz, 2019; Diaz et al., 2019), a number that may be an underestimate due to under sampling of the coastal ocean, especially in the southern hemisphere (Altieria et al., 2017; Diaz et al., 2019).
	•Harmful algal blooms appear to be increasing in frequency, and there is a growing consensus that cultural eutrophication is at least partially responsible (Anderson et al., 2002; Heil et al., 2005; Glibert et al., 2008; Heisler et al., 2008; Glibert, 2017; Glibert and Burford, 2017).
	•Habitat loss is a global problem as warm-water coral reefs have declined by at least 50% (D’Angelo and Wiedenmann, 2014; Hoegh-Guldberg et al., 2017), seagrass meadows by 29% (Orth et al., 2006; Waycott et al., 2009; Deegan et al., 2012), and coastal wetlands (mangrove forests and salt marshes) by 30% (Valiela et al., 2009; Deegan et al., 2012). A common theme accompanying these losses is the impact of anthropogenic nutrient loading.





Sources of Anthropogenic Nitrogen

Over half of the DIN input to coastal ecosystems (including 73% of Large Marine Ecosystems10) is related to anthropogenic sources (Galloway et al., 2004; Howarth, 2008; Lee et al., 2016). An average of ∼20% anthropogenic N inputs to coastal watersheds is exported to coastal ecosystems (Howarth et al., 1996; Howarth, 1998), and Galloway et al. (2004) predict that export will increase by 40–45% by 2050 relative to 2000. Nearly half of this increase is projected to be from South Asia, where industrial agriculture and urbanization are expected to show the greatest increases (Howarth and Marino, 2006; Goldewijk et al., 2011; Lee et al., 2016). Ranked in terms of the magnitude of N loading, major11 anthropogenic sources include:

	(i) Synthetic Fertilizers – The largest source of anthropogenic N transported to coastal ecosystems is the use of synthetic fertilizers (Vitousek et al., 1997; Johnson and Harrison, 2015), which has grown exponentially from near zero in 1910 to ∼118 × 109 kg N yr–1 in 2013 (Penuelas et al., 2013; Lu and Tian, 2017). In 2013, southern Asia accounted for 71% of global fertilizer use, followed by North America (11%), Europe (7%), and South America (6%) (Lu and Tian, 2017). Volatilization of ammonia from agriculture fields emits an estimated 10 × 109 kg N yr–1 (8% of the N applied) into the atmosphere (Vitousek et al., 1997; Bouwman et al., 2013).
	(ii) Combustion of Fossil Fuels – Emissions from the combustion of fossil fuels release an estimated 25–40 × 109 kg N yr–1 (Penuelas et al., 2013) with Asia, Europe, North America and Sub-Saharan Africa accounting for 30, 20, 17, and 12% of emissions, respectively (Lamsal et al., 2011). As well as being a pressure for eutrophication, nitrous oxide is a potent greenhouse gas (Davidson, 2009).
	(iii) Legume Agriculture – Industrial agricultural has replaced large areas of natural vegetation with monocultures of legumes (e.g., soybeans) that support symbiotic N2-fixing bacteria. As a result, inputs of N from biological N-fixation to coastal watersheds has increased from negligible to ∼33 × 109 kg yr–1 (Boyer and Howarth, 2008).
	(iv) Animal Husbandry – The production of manure has increased rapidly over the last century. Today, agriculture is responsible for over 75% of the NH3 emissions in the United States and Canada, with animal production accounting for > 70% (Aneja et al., 2001; Bittman and Mikkelsen, 2009). Current loads of manure-N are estimated to be ∼ 18 × 109 kg N yr–1, with production hotspots in western Europe, India, northeastern China, and southeastern Australia where emissions to the atmosphere are growing rapidly (Penuelas et al., 2013; Zhang et al., 2017).
	(v) Wastewater – Globally, 80% of municipal wastewater is released into the environment untreated (World Water Assessment Programme [WWAP], 2017). The percentage of treated sewage varies regionally from 90% in North America, 66% in Europe, 35% in Asia, 14% in Latin America and the Caribbean, and <1% in Africa (Selman and Greenhalgh, 2010). Thus, the most prevalent urban source of nutrient pressure is human sewage, which is estimated to have released ∼ 9 ×109 kg N yr–1 into the environment in 2018 (extrapolated from van Drecht et al., 2009).
	(vi) Finfish aquaculture – Annual nutrients inputs to the coastal ocean via finfish aquaculture increased worldwide by a factor of 6 from ∼ 0.43 × 109 kg N yr–1 in 1985 to 2.60 × 109 kg N yr–1 in 2005 (Strain and Hargrave, 2005). In contrast, the pressure of nutrient enrichment from bivalve aquaculture is generally small to negligible. In fact, bivalve aquaculture is increasingly being used to offset anthropogenic nutrient pressures (Burkholder and Shumway, 2011; Gallardi, 2014).

Globally, nonpoint (diffuse) source inputs (i-iv above) total ∼200 × 109 kg N yr–1 and far exceed point source inputs (v-vi above) of ∼ 10 × 109 kg N yr–1 or 5% of the total. Thus, our emphasis here is on inputs from diffuse sources.



Transport Routes

River runoff and atmospheric deposition account for most anthropogenic N inputs to coastal ecosystems (Figure 3; Howarth et al., 1996; Green et al., 2004; Howarth, 2008; Jickells et al., 2017)12. During the twentieth Century, total riverine inputs of N to the coastal ocean increased from ∼27 × 109 kg N yr–1 to ∼48 × 109 kg N yr–1 (Galloway et al., 2004; Beusen et al., 2016). Globally, there is a significant linear correlation between net anthropogenic N inputs to coastal watersheds and total river borne N export to the coastal ocean (Boyer and Howarth, 2008; Swaney et al., 2012), and we estimate that ∼24% of anthropogenic N inputs to coastal watersheds reaches coastal ecosystems.
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FIGURE 3. Nutrient enrichment pathways () via river runoff, storm water runoff (Urban and Residential Runoff) and atmospheric precipitation; and effects of anthropogenic nutrient enrichment on phytoplankton biomass (Algal Bloom) and consequences of eutrophication, e.g., oxygen depletion of bottom waters (O2↓) (Source: Hans Paerl, University of North Carolina).


Anthropogenic inputs of N to the atmosphere are derived from the volatilization of NH3 from fertilizer and the combustion of fossil fuels (emission of nitrous oxide). Atmospheric deposition of N to the global ocean increased rapidly during the twentieth Century from a pre-industrial rate of ∼ 22 × 109 kg N yr–1 to > 45 × 109 kg N yr–1 today (Dentener et al., 2006; Duce et al., 2008). Of this, it is estimated that atmospheric deposition directly to the coastal ocean is on the order of 8 × 109 kg N yr–1 (Seitzinger et al., 2010; Ngatia et al., 2019), or about 14% of total anthropogenic inputs to the coastal ocean. However, the relative magnitude of direct atmospheric deposition to coastal ecosystems varies from ∼5% in waters most heavily impacted by river borne inputs (e.g., the northern Gulf of Mexico) to ≥ 30% in waters with relatively low river borne inputs (e.g., Baltic, western Mediterranean, mid-Atlantic and northeast U.S.-Canadian Atlantic coastal regions) (Paerl et al., 2002; Spokes and Jickells, 2005).




PATTERNS AND TRENDS WITHIN ECOSYSTEMS

For comparative purposes, we have selected a set of coastal ecosystems that have been impacted by anthropogenic nutrient loading: three open continental shelf ecosystems (northern Gulf of Mexico, East China Sea, and the Great Barrier Reef), three semi-enclosed ecosystems (Baltic Sea, Northern Adriatic Sea, and Chesapeake Bay), and one eastern boundary upwelling system (Santa Barbara Channel in the California Current system). As a group they are subject to a wide range of N inputs (0.07–2.0 × 109 kg N yr–1) and exhibit contrasting capacities to minimize or amplify the effects of anthropogenic nutrient enrichment. Sufficient data and information on anthropogenic nutrient loadings and their impacts for all of these systems have been collected over long enough periods (decades) to parse major pressures, impacts and trends. All seven ecosystems exhibit a range of eutrophic states as indicated by levels of phytoplankton production13 (Table 1), and, with the exception of the Great Barrier Reef, all are in the northern hemisphere (Figure 2).


TABLE 1. Characteristics of the seven ecosystems (NGM – Northern Gulf of Mexico, ECS – East China Sea, GBR – Great Barrier Reef, BS – Baltic Sea, NA – Northern Adriatic Sea, CB – Chesapeake Bay, Santa Barbara Channel – SBC) compared in terms of ecosystem-surface area (×103 km2), mean DIN load (109 kg N yr–1), mean NPP (g C m–2 yr–1), residence time (months), dilution potential (surface area ×1000 ÷ N load), spatial extent of bottom water hypoxia as a percent of ecosystem area, and the frequency of toxic algal events (x – low, xx – moderate, xxx – high).
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Pressures and Changes in States


Northern Gulf of Mexico (NGM)

The NGM (continental shelf off the states of Louisiana, and Texas) has an area of ∼60,000 km2 with depths < 200 m. The Mississippi-Atchafalaya River system is the primary source of fresh water (∼80%) and new14 nutrients (∼90%) to the NGM. Volume transports of the river system range between 220 and 630 km3 yr–1 with a mean of 530 km3 yr–1 (Aulenbach et al., 2007). Depending on river discharge, the spatial extent of the resulting buoyant, nutrient-rich coastal plume varies from 10,000 to 35,000 km2 with a maximum seasonal extent typically during May-June515. On average, the river-system delivers ∼1.3 × 109 kg N yr–1 (Dunn, 1996; Turner et al., 2007). Discharge is lowest on average during September-October and highest during March-April (Dunn, 1996; Dagg and Breed, 2003; Turner et al., 2007). Of this input, it is estimated that denitrification and anammox16 remove 40–50% of nitrate inputs annually (Seitzinger and Giblin, 1996). Direct atmospheric deposition of DIN to the NGM is small (<1%) in comparison (Goolsby et al., 1999).

Riverine inputs of nitrate17 have increased by at least threefold since WW II, with most of this increase occurring between 1970 and 1983 due to increased use of nitrogen fertilizers in the river’s large watershed (Goolsby et al., 1999). Since 1983, annual riverine inputs of DIN have fluctuated between ∼ 0.6 × 109 kg yr–1 in 2000 and ∼ 1.8 × 109 kg yr–1 in 1993. In contrast to N, there has been relatively little change in P discharge by the Mississippi over a similar period so that the N:P ratio of the dissolved nutrient pool is consistently above the Redfield molar ratio of 16 (Redfield, 1958).

Phytoplankton biomass is correlated with the riverine supply of N (Fennel et al., 2011), and the annual cycle of phytoplankton biomass is characterized by a spring maximum and an autumn minimum (Bode and Dortch, 1996; Gomez et al., 2018). Spatially, phytoplankton biomass and NPP vary with salinity as follows (Lohrenz et al., 1997, 1999; Dagg and Breed, 2003; Gomez et al., 2018):

	•Near field (oligohaline) where salinity is <18, phytoplankton biomass is ≤5 μg Chl liter–1, and phytoplankton NPP is ≤1 g C m–2 d–1;
	•Mid field (mesohaline) where salinity is 18–32, phytoplankton biomass is 3–50 μg Chl liter–1, and phytoplankton NPP is 0.5–13 g C m–2 d–1;
	•Far field (polyhaline) where salinity is > 32, phytoplankton biomass is 0.1–10 μg Chl liter–1, and phytoplankton NPP is 0.2–3 g C m–2 d–1).



The spring bloom in the mesohaline fuels the development of an extensive hypoxic zone that is generally confined to a relatively thin (1–4 m) bottom boundary layer over the inner shelf from March to October (Dagg et al., 2007; Justić et al., 2007; Fennel and Testa, 2019). Seasonal hypoxia began expanding in the 1950s with rapid increases in the time-space extent of hypoxia during the 1970s (Rabalais and Turner, 2019). The spatial extent of hypoxia over the shelf has varied between < 5,000 km2 in 2000 and 22,720 km2 in 2017 with a mean of 13,700 km2 making it one of the largest open shelf hypoxic zone in the world (Rabalais and Turner, 2019; Figure 4). Seasonal hypoxia has resulted in losses of benthic biodiversity and biomass as longer-lived species are eliminated (Committee on Environment and Natural Resources [CENR], 2000; Rabalais and Turner, 2019).
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FIGURE 4. Mississippi-Atchafalaya River Basin and the frequency (percent occurrence) of mid-summer bottom-water hypoxia off the coast of Louisiana and Texas during 1985–2008 (inset) (Source: Center for Agricultural and Rural Development, Iowa State University).


In addition to bottom water hypoxia, increases in nutrient loading appears to be promoting the growth of potentially toxic phytoplankton. The dinoflagellate Karenia brevis is the primary toxic species in the NGM where it is ubiquitous at background levels of < 1 cell ml–1 (Steidinger et al., 1998). Blooms of K. brevis (>10 cells ml–1) occur almost annually off the west coast of Florida, but historically have occurred less frequently along the Texas coast (Hetland and Campbell, 2007). The abundance of Pseudo-nitzschia spp. has increased over the shelf since the 1950s, a trend that may be related to the long-term increase in nutrient loading (Dortch et al., 1997; Parsons and Dortch, 2002; Baustian et al., 2016). Peaks in the abundance of potentially toxin-producing dinoflagellates (Dinophysis spp. and Prorocentrum spp.) have been observed to develop in concert with the spring peak in river flow (Bargu et al., 2016).



East China Sea (ECS)

The ECS has an area of ∼750,000 km2, 75% of which is < 200 m deep. With a mean volume transport of ∼ 900 km3 yr–1 (Liu et al., 2003), the Changjiang (Yangtze) River accounts for > 90% of river runoff and is the largest source of nutrient loadings to the ECS (Yan et al., 2010; Wu et al., 2011; Tong et al., 2015). The annual cycle of flow is characterized by a summer maximum and a winter minimum (Chen et al., 2016). Under high summer flows, the River’s coastal plume spreads eastward over an area that can cover as much as 30% of the ECS in contrast to the winter low flow period when the plume is confined to a narrow band along the coast south of the River’s mouth (Dong et al., 2010; Tong et al., 2015).

Riverine inputs of N have been increasing since the 1960s (Zhou et al., 2008; Chen et al., 2019). Despite the Three Gorges Dam, which began storing water in 2013, inputs of DIN from the Changjiang increased by nearly an order of magnitude from 0.220 × 109 kg N yr–1 in 1970 to 2.0 × 109 kg N yr–1in 2012 (Tong et al., 2015; Lin et al., 2017; Strokal et al., 2020). N-fixation contributes only ∼ 0.013 × 109 kg N yr–1or < 1% of riverine inputs (Zhang R. et al., 2012). Losses of N via denitrification and anammox are estimated to be equivalent to riverine inputs of anthropogenic DIN (Lin et al., 2017). At the same time, the dam has reduced the mass transport of suspended matter and, therefore, the input of P to the ECS (Xu et al., 2015). As a consequence, N:P molar ratios have increased to >100 (Huang et al., 2019).

Dissolved nutrients are also delivered to the ECS by the Taiwan Warm Current (TWC), the Kuroshio, and atmospheric deposition (Chen, 1996, 2008; Zhang et al., 2019). Atmospheric deposition of N directly to the ECS in 2012 is estimated to have been ∼80% of riverine inputs. Eutrophication caused by nutrient inputs from the Changjiang are most pronounced in the near field plume (salinity < 30) over the inner shelf (0–50 m) while inputs from the TWC dominate the mid-field (salinity 31–32) over the mid-shelf (50–100 m) and inputs from the Kuroshio dominate the far field (salinity > 32) over the outer shelf (100–200 m) (Wang et al., 2014). Atmospheric deposition is distributed over the entire ECS (Zhang et al., 2019).

The annual cycle of NPP is characterized by a summer maximum and a winter minimum. Interannual variations (1998–2007) in the spatial extent of high Chl are driven by variations in river discharge (Xiuren et al., 1988; Kim et al., 2009). Increases in discharge have led to increases in NPP, increases in the abundance of small phytoplankton (<20 μm) and dinoflagellates, and decreases in diatoms in the coastal plume (Zhou et al., 2008; Li et al., 2019). While an interannual trend in Chl for the ECS as a whole (1996–2014) is not apparent (O’Reilly, 2017), Chl levels in the coastal plume have increased as anthropogenic nutrient inputs increased while Chl in the far field decreased due to increases in vertical stratification as the upper ocean warms (Kong et al., 2019). As the plume spreads and mixes with open shelf water, Chl concentrations decline from high levels (>10 mg m–3) in the plume to low levels (<0.5 mg m–3) in oligotrophic open shelf waters, a pattern that is driven by the riverine supply of nutrients (Wang and Wang, 2007; Chen, 2008; Mackey et al., 2017).

NPP in the plume is the primary source of particulate organic matter to the ECS (Zuo et al., 2016). As the Changjiang plume flows over ambient ocean water and the surface layer warms, the water column becomes increasingly stratified and this supply of organic matter fuels bacterial oxygen demand causing bottom waters to become hypoxic (Rabouille et al., 2008; Liu et al., 2015; Wang et al., 2016; Zuo et al., 2016; Qian et al., 2107). Persistent summer hypoxia causes high mortality rates among sessile benthic species and reduces recruitment to economically important fish populations (Levin et al., 2009).

Hypoxia was first reported in 1959 (Zhu et al., 2011). Interannual increases in NPP has led to increases in the spatial extent of bottom water hypoxia over the inner shelf from ∼1,800 km2 in 1959 to ∼ 13,700 km2 in 1999 and > 15,400 km2 in 2006 (Levin et al., 2009; Li et al., 2011; Wang et al., 2015; Qian et al., 2107), a trend that has been attributed to elevated nutrient inputs due to fertilizer use in the Changjiang watershed (Wu et al., 2019). Bottom water hypoxia now covers > 15% of the ECS making it one of the largest coastal hypoxic zones in the world (Chen et al., 2007; Wang et al., 2016; Zhu et al., 2016).

Intrusions of nutrient-rich oceanic water from the Kuroshio also contribute to the development of hypoxia. The hypoxic region north of 30° N is dominated by Changjiang inputs, with its N loads supporting 74% of oxygen consumption; south of 30°N, oceanic nitrogen sources become more important, supporting 39% of oxygen consumption during the hypoxic season, but the Changjiang remains the main control on hypoxia formation also in this region (Große et al., 2020). The importance of oceanic nutrient supply distinguishes hypoxia in the ECS from the otherwise comparable situation in the NGM, where a similar spatial extent of hypoxia is fueled by riverine inputs of anthropogenic nutrients from the Mississippi-Atchafalaya River system (Fennel and Testa, 2019).

In addition to the impacts of hypoxia, increases in the N:P molar ratio promote blooms of toxic dinoflagellates (Glibert et al., 2018; Huang et al., 2019). Reported toxic algal events along the coast increased from undetected in the 1950s and 60s to 10 in the 70s, 25 in the 80s, and > 100 in the 90s (Yan et al., 2002). During 2000–2006, the trend continued with most events occurring during summer (Yan et al., 2010) in Zhejiang coastal waters, particularly in the Zhoushan Archipelago which is home to the largest marine fishery in China (Wang and Wu, 2009). Particularly, large scale blooms (covering an area > 1,000 km2) have been recorded every year since 1998, and the dinoflagellate Prorocentrum donghaiense has become the recurrent bloom species for more than 10 years (Li et al., 2014; Lu et al., 2014). Blooms of other potentially toxic dinoflagellates (Karodinium veneficum, Karenia mikimotoi, K. veneficum, Alexandrium tamarense, A. catenella, and Heterosigma akashiwo) have also been observed (Lu et al., 2014; Zhou et al., 2015; Wang Y.-F. et al., 2018). Toxic dinoflagellate blooms have resulted in millions of dollars of lost fish landings (Tang et al., 2006; Zhou et al., 2008; Li et al., 2014; Mackey et al., 2017; Glibert et al., 2018; Wang R. et al., 2018; Chen et al., 2019).

Eutrophication may also be an important factor contributing to increases in jellyfish abundance and blooms (Mills, 2001; Purcell et al., 2007; Diaz and Rosenberg, 2008; Richardson et al., 2009; Dong et al., 2010; Condon et al., 2011; Brotz et al., 2012; Boero et al., 2016). Three jellyfish species (Aurelia aurita, Cyanea nozakii, and Nemopilema nomurai) form large blooms, the frequency of which has been increasing since the 1950s (Dong et al., 2010; Brotz et al., 2012). N. nomurai, the giant jellyfish, is arguably the most serious threat to fisheries since it is most abundant in the Changjiang plume where it preys on juvenile fish (Sun et al., 2015).



Great Barrier Reef (GBR)

With a surface area of 344,000 km2 and depths of < 50 m, Australia’s GBR is the Earth’s largest reef system. As the reef developed over the last 20,000 years on the continental shelf, it formed a large coastal lagoon (<40 m deep) into which rivers discharge from 35 watersheds (total mean discharge of 70 km3 yr–1). Today, rivers are the largest single source of new nutrients to the lagoon (Furnas et al., 1997; Brodie et al., 2011, 2012; Devlin et al., 2015), and elevated nutrient concentrations are measurable at distances of hundreds of kilometers from river mouths (Devlin and Brodie, 2005). Riverine inputs are characterized by episodic peaks in flow with most volume transport occurring during November–April when large flow events are most frequent and > 90% of land-based nutrient inputs occurs (Brodie et al., 2011).

Since European settlement, annual riverine inputs of N and P to the lagoon have increased from ∼ 0.014 × 109 kg N yr–1 to 0.080 × 109 kg N yr–1 and from 1.8 × 106 kg P yr–1 to 16 × 106 kg P yr–1 (Brodie et al., 2009; Kroon et al., 2012). The form of N delivered has also changed from predominantly dissolved organic nitrogen (DON) to predominantly DIN (Harris, 2001; Brodie and Mitchell, 2005). In addition to riverine inputs, N-fixation supplies 0.01–0.21 × 109 kg N y–1, rainfall 2.7 × 106 kg N y–1, and upwelling 0.001–0.004 × 109 kg N y–1 (Furnas et al., 1997, 2011; Benthuysen et al., 2016). Export via denitrification is estimated to be in the range of 0.016–0.024 × 109 kg N y–1 (Furnas et al., 2011) or about 25% of total inputs.

Long-term monitoring data show that hard coral cover on the GBR has reduced by > 70% over the past century Bell et al., 2014). Waters of the lagoon become progressively more productive as they flow through the reef system, an increase that is attributed largely to benthic N-fixation (Bell et al., 2014). Current levels of nutrient enrichment support Chl concentrations that range from annual means of < 0.3 μg liter–1 to 0.7 μg liter–1 (Brodie et al., 2007). Under flood conditions during April–November, peaks in river discharge support phytoplankton blooms in the central and southern lagoon that yield Chl concentrations of 1–20 μg liter–1 (Devlin and Brodie, 2005; Devlin and Schaffelke, 2009; Brodie et al., 2009, 2010; McKinnon et al., 2013). Nutrient-driven increases in phytoplankton biomass and macroalgal cover have been shown to be associated with long term coral reef decline (De’ath and Fabricius, 2010; D’Angelo and Wiedenmann, 2014). Clear water18 and low macroalgal cover promote high coral species richness (De’ath and Fabricius, 2010). There is growing evidence that Acanthaster planci19 predation events and coral bleaching are exacerbated by eutrophication and that the lack of recovery of the reefs is primarily a consequence of high phytoplankton biomass (Bell et al., 2014; Allen et al., 2019). Thus, 23% of the reef system has been degraded in areas with Chl concentrations > 0.2 μg liter–1, concentrations that are considered to be indicative of eutrophication in the GBR lagoon (Bell, 1992; Bell et al., 2014). De’ath and Fabricius (2010) predict that reducing agricultural runoff could reduce macroalgal cover by 39% and increase the species richness of hard corals and phototrophic octocorals by 16 and 33%, respectively.

N:P ratios are consistently < 16 and many processes in coral reefs are nitrogen limited (Furnas et al., 2005), and increases in river-borne inputs of P have promoted the growth of Trichodesmium spp. and other N-fixing organisms that introduce new N into the lagoon-reef system at rates that are far higher now than in the past (Bell and Elmetri, 1995; Bell et al., 1999; Messer et al., 2017; Blondeau-Patissier et al., 2018). This additional input of new N appears to be enhancing increases in phytoplankton biomass above that expected based on riverine inputs of N alone, and there is evidence that this is a significant factor in the demise of fringing reefs in the inner GBR lagoon (Bell and Elmetri, 1995; Brown et al., 2018). In addition, blooms of Trichodesmium spp. are known to be a source of ciguatera in the ciguatera food chain20 (Kerbrat et al., 2011), and several genera of potentially toxic dinoflagellates have also become abundant in the lagoon (Gambierdiscus, Prorocentrum and Ostreopsis), a trend that may be driven by the ongoing eutrophication of the lagoon (Skinner et al., 2013).



Baltic Sea (BS)

The BS has an area of 420,000 km2 with a basin that has a mean depth of ∼54 m, a number of sub-basins (>150 m deep), and a shallow sill (<20 m) in the Danish Straits separating it from the North Sea and Atlantic Ocean. Of the 250 rivers flowing into the Baltic, seven account for ∼ 45% of the total flow (∼ 455 km3 yr–1) (HELCOM, 2011), most of which occurs in the eastern BS. As a consequence, surface salinity gradually increases from 2 to 4 in the northeastern Gulf of Bothnia between Sweden and Finland to 18–26 in the southwestern Kattegat between Denmark and Sweden (Gustafsson and Westman, 2002; Elmgren et al., 2015). In winter, the water column is mixed down to a permanent halocline (40–80 m). In summer, a seasonal thermocline forms above the permanent halocline and a three-layered structure develops with a warm and low salinity surface layer, a higher salinity intermediate layer of cold water, and an oxygen depleted bottom layer of warmer and saltier water (Liblik and Lips, 2019).

Rivers account for ∼70% of anthropogenic nutrient inputs to the Baltic, and concentrations of DIN are highest in coastal waters from the Belt Sea in the southwest to the Gulfs of Finland and Bothnia to the northeast (HELCOM, 2018a; Sonesten et al., 2018). Flow generally peaks during April–June and is relatively low during August–January (Hordoir and Meier, 2010). Nutrient inputs were high during 1995–2002 (0.65–0.90 × 109 kg N yr–1 and 33–43 × 106 kg P yr–1) compared to 2003–2015 (0.50–0.78 × 109 kg N yr–1 and 22–35 × 106 kg P yr–1). N input via N-fixation by cyanobacteria is estimated to be ∼ 0.40 × 109 kg N yr–1 (Olofsson et al., 2020), nearly equivalent to riverine inputs. Atmospheric deposition also declined during this period from ∼0.30 × 109 kg N yr–1 in 1995 to 0.21 × 109 kg N yr–1 in 2011. Relatively low inputs via river discharge and wet precipitation during 2003–2015 were due to dry periods with low river runoff (2003, 2014, 2015). Denitrification removes an estimated 42–96% of riverine nitrate inputs annually (Dalsgaard et al., 2013), and, over the long term, anthropogenic nutrient enrichment has led to accumulations of phosphorus (P) in benthic sediments to an extent that internal releases of P to the water column under anoxic conditions off-sets reductions in land-based inputs of anthropogenic P (Gustafsson et al., 2012).

Mean Chl concentrations remained < 1 μg liter–1 from 1880 to 1950 and increased to 2–4 μg liter–1 during 1990–2009 (Hieronymus et al., 2018). Two seasonal bloom periods characterize most of the BS, spring blooms of diatoms and dinoflagellates and cyanobacterial blooms in late summer (Spilling et al., 2018). N assimilation during the spring bloom leads to a low N:P ratio during summer which favors N-fixing cyanobacteria during warm, calm summer months (Wasmund et al., 2001, 2005). Summer cyanobacterial blooms have been intensifying since 1982, a trend that is correlated with increases in anthropogenic P loading and the magnitude of hypoxia (Pliñski et al., 2007; Funkey et al., 2014; Savchuk, 2018).

Hypoxic bottom water in the Baltic proper (Gotland Sub-Basin) has been present for at least the last 100 years, but increased in spatial and temporal extent over the last 3 decades (Duncombe, 2018) as the buoyancy of the surface layer above the permanent halocline increased due to increasing temperature and decreasing salinity (Liblik and Lips, 2019). During 1993–2016, the spatial extent of hypoxic bottom water in the main basins of the Baltic (Figure 5) increased from ∼5,000 km–2 (1.3% of the Baltic) to ∼ 70,000 km–2 (19% of the Baltic) (Jokinen et al., 2018; Limburg and Casini, 2019). At its maximum extent, the spatial extent of hypoxia is the largest anthropogenically enhanced hypoxic zone in the world (Schmale et al., 2016).


[image: Map showing the Baltic Sea region in 2012 with highlighted areas. Black and red areas represent different extents of concern, spanning from Sweden and Finland to Estonia, Latvia, Russia, and Poland. A scale indicates 100 kilometers.]

FIGURE 5. Spatial distribution of bottom hypoxia (red) and anoxia (black) in the Baltic Sea in 2012 (annual mean modified from Carstensen et al., 2014).


Benthic communities have been severely impacted by increases in phytoplankton biomass due to the rapid attenuation of sunlight with depth in the surface layer and hypoxia in the bottom layer (HELCOM, 2009). Impacts include the following:

	•Declines of seagrasses and intertidal brown algae – The present spatial distribution of eelgrass (Zostera marina) constitutes only about 20–25% of that present in 1900, and the depth limit of the brown macroalgal species Fucus vesiculosus has declined significantly since the 1960s.
	•Decline of benthic macrofauna – Hypoxia has resulted in habitat loss and the elimination of benthic macrofauna over vast areas disrupting benthic food webs. Currently, macrobenthic communities are severely degraded and below a 40-year average in the entire Baltic Sea. It is estimated that the missing biomass of benthic animals due to hypoxia is equivalent to ∼264,000 metric tons of carbon annually which represents ∼30% of the Baltic’s total secondary production (Diaz and Rosenberg, 2008). Thus, cod has experienced a marked decline in mean body condition (weight at a specific length) (Limburg and Casini, 2019), a trend that has made cod more susceptible to predation by seals, infections by parasites, and competition from flounder. At the same time, nutrient enrichment has enhanced the biomass of forage fish by up to 50% in some years and areas due to increased body weight (Eero et al., 2016).
	•Increased abundance of N-fixing cyanobacteria – Seasonal hypoxia not only impacts aerobic benthic and pelagic animals, it also promotes increases in the abundance of N-fixing cyanobacteria (Nodularia spumigena). The enhanced downward flux of degradable organic matter from phytoplankton blooms fuels oxygen demand and the regeneration of P in bottom waters creating a positive feedback between anthropogenic nutrient enrichment, N-fixation by cyanobacteria, and oxygen depletion (Figure 6). In addition to being a significant source of new N to the BS, Nodularia spumigena has the capacity to produce hepatotoxins that can cause liver damage in humans (Sipiä et al., 2002; van Apeldoorn et al., 2007; Mazur-Marzec and Pliñski, 2009). Thus, their harmful effects include both oxygen depletion and the production of toxic metabolites.
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FIGURE 6. The positive feedback between anthropogenic inputs of N and P, N-fixation by cyanobacteria, increases in NPP, and oxygen depletion driven by the release of P from benthic sediments under low oxygen conditions (NPP, net phytoplankton production; BOD, biological oxygen demand).




Northern Adriatic Sea (NA)

With an area of 18,900 km2, the continental shelf of the NA is a relatively flat platform that extends from the coastline to a water depth of 100 m (mean depth = 33.5 m). A progressive increase in eutrophication began in the early 20th C, continued to ∼ 1978, and subsequently began to decrease (Sangiorgi and Donders, 2004). The Po River accounts for most inputs of freshwater and nutrients with minor contributions from the Soča (Isonzo) and Adige Rivers (Pettine et al., 1998; Cozzi and Giani, 2011). The annual cycle of Po River discharge is characterized by seasonal peaks during April-June and September–December with minimum flows during August (Marini et al., 2008). During May–September when the water column is well stratified, the plume of the Po River spreads across much of the northern basin and maintains a wide cross-shelf profile as it flows southward. The volume transport of the Po during 1970–2002 fluctuated around 47 km3 yr–1 with a minimum discharge of ∼30 km3 yr–1 and a maximum discharge of ∼80 km3 yr–1 (Giani et al., 2012; Montanari, 2012; Ninfo et al., 2018). A marked decrease in the flow of the Po River occurred during 2003–2007 due to a prolonged drought (Cozzi and Giani, 2011; Djakovac et al., 2015).

Diffuse sources account for 80% of N input and 93% of P input (European Topic Center [ETC], 2016). Prior to the drought years, river borne transports of N and P to the NA reached 0.262 × 109 kg TN yr–1 and 11.1 × 106 kg TP yr–1. These inputs decreased by 50–70% during the drought years, but returned to their pre-drought levels in subsequent years (Cozzi and Giani, 2011; Giani et al., 2012). N-fixation does not contribute significantly to the N budget, and denitrification accounts for ∼ 42% of N losses (∼ 0.10 × 109 kg yr–1) or ∼40% of the riverine N inputs (Degobbis and Gilmartin, 1990).

Phytoplankton NPP and biomass are highest in the Po River plume (Figure 7; Degobbis et al., 2000; Fiori et al., 2016), and annual cycles mirror the annual cycle of river flow while annual cycles in oligotrophic waters beyond the plume have a relatively small amplitude with small peaks during October-November (Revelante and Gilmartin, 1992; Harding et al., 1999; Mozetič et al., 2010). Chl concentrations ranged from 4 to 35 μg liter–1 in the plume to 1–4 μg liter–1 in offshore waters of the central NA and were < 1 μg liter–1 in coastal waters of the eastern NA (Polimene et al., 2006; Solidoro et al., 2009; Mozetič et al., 2010). Phytoplankton blooms in the coastal plume of the Po are dominated by large diatoms (>20 μm) interspersed by diverse assemblages of nanoflagellates (<20 μm) with small dinoflagellate blooms during spring-summer. Small phytoplankton dominate in more oligotrphic waters outside the plume where microbial food webs predominate (Polimene et al., 2006). Coccolithophores are minor but regular inhabitants of these phytoplankton communities (Bernardi-Aubry et al., 2004; Totti et al., 2005, 2019).
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FIGURE 7. The high phytoplankton biomass (red – high, blue – low) footprint of the coastal plume of the Po River in the northern Adriatic Sea.


The 2003–2007 drought resulted in marked decreases in phytoplankton NPP and Chl. Concentrations of nutrients and Chl remained low after higher river discharges returned during 2008–2016, possibly due to improved control of nutrient loads to the watershed (Totti et al., 2019). However, greater intrusions of high salinity, oligotrophic waters from the eastern Mediterranean Sea also played a role (Solidoro et al., 2009). More recent observations suggest that phytoplankton biomass may be increasing in the southern reaches of the western NA where both DIN and DIP concentrations have been increasing (Totti et al., 2019).

Sedimentation of phytoplankton biomass to the benthos, estimated to be 25–30% of phytoplankton NPP, fuels high biological oxygen demand in bottom waters from late spring to early autumn (Staresinié et al., 1982; Alvisi and Cozzi, 2016). During this period, dissolved oxygen levels in bottom water are low and episodes of bottom water hypoxia occur frequently. The timing, duration and spatial extent of these episodes varies from year-to-year. During 1972–2012, the frequency of hypoxic events was high each year from 1988 to 1991, especially in the western NA (Djakovac et al., 2015). While hypoxia is related to phytoplankton blooms induced by riverine inputs of nutrients during spring and autumn, summer hypoxia occurs during periods of low runoff suggesting that strong vertical stratification and weak circulation promoted hypoxic events during summer (Alvisi and Cozzi, 2016). Hypoxic zones range in spatial extent from several km2 to 4,000 km2 and ultimately affect most of the NA (Riedel et al., 2008). Thus, repeated episodes of hypoxia caused mass mortalities of benthic macrofauna during the 1970s and 1980s, the largest of which were caused by anoxic episodes during the summers of 1974, 1977, 1983, 1988, and 1989 (Fedra et al., 1976; Stachowitsch, 1984; Ott, 1992).

In addition to phytoplankton sedimentation, the formation and deposition of macro-aggregates (“mucilage” or mare sporco) of organic matter rich in bacteria also fuels high biological oxygen demand, anoxia and mass mortalities during May-September (Degobbis, 1989). Mucilage episodes are unique to the NA in terms of the size of macro aggregates (up to 3 m across) and their abundance and spatial coverage (hundreds of km2 in both coastal and offshore waters). Episodes have occurred sporadically since the seventeenth century (Fonda Umani et al., 1989; Sellner and Fonda Umani, 1999; Giani et al., 2005), but increased in frequency during 1980–2004 (Danovaro et al., 2009). Major episodes (2–6 weeks in duration) occurred annually during 1988–1991, 1996–1998, and 2000–2004. Following a prolonged episode from December, 2006 through April, 2007, episodes of relatively short duration were recorded in 2014 (August) and 2018 (July–August). Although these episodes tend to occur following increases in river runoff, and mucilage production occurs during diatom blooms (McKinney, 2007), anthropogenic nutrient enrichment may not be directly responsible (Degobbis et al., 2005).

Since the 1990s, many toxic or potentially toxic phytoplankton species have inhabited the NA including dinoflagellates (e.g., Dinophysis spp., Alexandrium minutum, Noctiluca scintillans, Protoceratium reticulatum, Gonyaulax spinifera, and Lingulodinium polyedrum), diatoms (Psedo-nitzschia spp.), and a raphidophyte (Fibrocapsa japonica) (Sellner and Fonda Umani, 1999; Fonda Umani et al., 2004; Mikaelyan et al., 2014; Corriero et al., 2016). The first occurrence of human intoxication due to the consumption of bivalves contaminated with diarrhetic shellfish poisoning (DSP) toxins was documented in 1989 (Pistocchi et al., 2012). The first detection of bivalves contaminated by toxins produced by a bloom of Alexandrium minutum that cause paralytic shellfish poisoning (PSP) was in 1994 (Honsell et al., 1996). Domoic acid, produced by the diatom Pseudo-nitzschia spp., is a potentially lethal phycotoxin that causes amnesic shellfish poisoning (ASP), and was first detected in bivalve-tissue in 2006 (Ujević et al., 2010). Bivalves farmed in coastal waters of Emilia Romagna and in Slovenian mariculture areas have also been contaminated frequently by Dinophysis spp. toxins (okadaic acids and dinophysitoxin) that cause DSP (Francé and Mozetič, 2006; Pistocchi et al., 2012). Alerts due to the presence of biotoxins in the Gulf of Trieste increased steadily from 10 yr–1 in 2005 to 60 yr–1 in 2010 and then declined to 1 yr–1 in 2013 and 2014 (Lipizer et al., 2017).

Given the pattern of interannual variations in river flow and associated nutrient inputs described above, it is unlikely that the frequency of toxic phytoplankton episodes is related directly to the magnitude of nutrient enrichment per se. However, relative inputs of N and P can affect the abundance of potentially toxic phytoplankton as well as toxin production (Glibert et al., 2014; Glibert and Burford, 2017). Many marine dinoflagellate species are more abundant and toxic when N is in stoichiometric excess over P (N:P > 16), as is the case in the Northern Adriatic where N:P ratios have increased from a mean of 64 during the 1960s to > 100 in more recent years.



Main Stem of Chesapeake Bay (CB)

CB is a long, narrow system (315 km long and 5.6–56 km wide) with a surface area of 11,600 km2 (Xiong and Berger, 2010) and three salinity zones (Harding et al., 2019): oligohaline < 5–18, mesohaline 5–18, and euryhaline > 18. A relatively deep (10–50 m) central channel runs the length of the mesohaline zone. The Susquehanna River discharges directly into the oligohaline zone and, with a mean flow of 36 km3 yr–1 (range 20–60 km3 yr–1), accounts for 60–90% of the freshwater input to CB (Schubel and Pritchard, 1986; Zhang et al., 2013). Except for the effects of tropical storms, the volume transport of the Susquehanna has a well-defined annual cycle with maximum flow during late winter-early spring and low flow during summer. Large interannual variations occur (20–60 km3 yr–1) in both the magnitude and timing of seasonal maximum and minimum flows.

The Susquehanna drives an estuarine circulation characterized by seaward transport of low salinity surface water and landward (counter) transport of higher salinity bottom water, a circulation pattern that increases the residence time of nutrients in the Bay (Pritchard, 1967; Shen and Wang, 2007; Du and Shen, 2016). Peak flow during winter-spring sets up buoyancy-induced vertical stratification that persists into early fall, with high flow years having a stronger halocline separating upper and bottom layers (Boynton and Kemp, 2000; Kemp et al., 2005).

Dissolved nitrate accounts for most input of new N while most P input is associated with the input of suspended sediments (Boynton et al., 1995; Zhang et al., 2013). It is estimated that N and P loads increased by factors of 7 (N) and 13 (P) between the beginning of the Anthropocene21 and 1985–86 when loads reached 0.081 × 109 kg N yr–1 and 3.75 × 106 kg P yr–1 (Boynton et al., 1995; Boynton and Kemp, 2000). N loading during 1945–2011 increased from 1945 to around 1990, followed by a steady decline (Zhang et al., 2013). Mean inputs during 1978–2011 were 0.071 × 109 kg N yr–1 and 3.3 × 106 kg P yr–1 (Hirsch, 2012). Relative to riverine inputs, inputs from direct precipitation to the Bay are small (7% of TN and 15% of TP). N-fixation is assumed to be negligible (Marino et al., 2002), and benthic denitrification that is estimated to remove ∼ 0.034 × 109 kg N yr–1 or ∼40% of annual riverine N inputs (Feng et al., 2015).

The annual cycle of phytoplankton biomass in the Bay features a large spring bloom which is most pronounced in the mesohaline Bay where integrated water column Chl can exceed 1,000 mg m–2 (Malone et al., 1988, 1996) due to phytoplankton growth, the concentrating effect of the two-layered estuarine circulation on phytoplankton biomass, and low grazing pressure (Malone et al., 1988, 1996; White and Roman, 1992). The spring bloom is dominated by large diatoms that deplete nitrate and silicate in surface waters and have high sinking rates (Conley and Malone, 1992) resulting in the deposition of phytoplankton biomass to bottom waters and benthic sediments (Malone et al., 1988; Harding et al., 2002). Remineralization of this organic matter during summer results in oxygen depletion and a large efflux of dissolved phosphate and ammonium into bottom waters which gradually mix into surface waters (Boynton et al., 1995; Boynton and Kemp, 2000) where they fuel local, episodic summer blooms of small diatoms, chlorophytes, cyanobacteria, dinoflagellates, and picophytoplankton (Malone, 1991; Adolf et al., 2006; Marshall et al., 2009). For the most part, summer blooms are confined to the euphotic zone and there is relatively little sedimentation to the benthos. Consequently, the positive feedback that characterizes the Baltic (Figure 5) is not well developed in CB.

Annual cycles (1982–2004) of Chl and phytoplankton NPP for the oligohaline, mesohaline, and polyhaline zones of the Bay have been characterized as follows (Harding et al., 2002, 2020):

	•Oligohaline – The annual cycles of phytoplankton biomass and NPP are seasonally in phase with maxima during July–August when Chl in the euphotic zone reaches ∼ 40 mg m–2 and NPP reaches ∼1200 mg C m–2 d–1.
	•Mesohaline – The annual cycles are out of phase with biomass typically peaking during April–May Chl (80–100 mg Chl m–2) and NPP peaking during July (>2000 mg C m–2 d–1); a second, lower peak in Chl (60–80 mg m–2) often occurs in November.
	•Polyhaline – The annual cycles are out of phase with biomass typically peaking in May (∼60 mg m–2) and NPP in September (∼1700 mg m–2 d–1).



Seasonal to interannual variations in riverine N input regulate the distribution of phytoplankton biomass in both time and space (Harding et al., 2020), consistent with the conclusion that P limitation occurs predominantly in the oligohaline reach of the Bay, while N limits phytoplankton biomass and NPP on the scale of the CB ecosystem (Malone et al., 1996). Anthropogenic nutrient loading led to a 5- to 10-fold increase of surface Chl in the polyhaline salinity zone and a 1.5- to 2-fold increase in the oligohaline and mesohaline zones from the 1950s to the 1990s (Harding et al., 2002, 2020). However, while euphotic zone Chl continued to increase in the oligohaline and mesohaline zones during 1985–2015, no trend was observed in the polyhaline zone (Harding et al., 2020).

Dissolved oxygen in bottom waters declines rapidly during April-May leading to hypoxic bottom water during July–September throughout most of CB, with hypoxia and anoxia developing in the deep channel of the mesohaline (Figure 8; Officer et al., 1984; Li et al., 2015). This cycle is driven by the spring bloom and bacterial decomposition of phytoplankton biomass deposited during the course of the bloom (Malone, 1991; Smith and Kemp, 1995). Summer bottom water hypoxia has been documented in the mesohaline salinity zone throughout the twentieth century and, while interannual variability is substantial, the volume of hypoxia has increased significantly since WWII as anthropogenic N loading to the Bay increased (Brush, 2009; Murphy et al., 2011; Li et al., 2016; Testa et al., 2017). Under current conditions, it is estimated that the missing biomass of benthic animals due to hypoxia is equivalent to ∼ 10,000 metric tons of carbon annually which represents ∼5% of the Bay’s secondary production (Diaz and Rosenberg, 2008).
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FIGURE 8. Distribution of dissolved oxygen (mg liter–1) along the main axis of Chesapeake Bay in summer, 2000 (modified from Costantini et al., 2008).


In addition, long-term increases in Chl, combined with increases in sediment loading to the Bay, have been linked to bay-wide declines in the spatial extent of seagrass beds during the 1960s and 70s due to reduced light penetration (Orth and Moore, 1983; Kemp et al., 2005). As a result, it is estimated that the spatial extent of seagrass decreased by 46% between the 1930s and the 1990s (Kemp et al., 2005). These decreases persisted through the 1990s (Orth et al., 2010; Harding et al., 2019) but show signs of increasing since ∼2006 during a sustained low-flow period (Testa et al., 2019).

Harmful algal blooms in CB are not a new phenomenon, but they may be increasing in frequency and diversity (Glibert et al., 2001). As in most coastal ecosystems, dinoflagellates account for most toxic or potentially toxic phytoplankton. Prorocentrum cordatum, Karlodinium veneficum, and Margalefidinium polykrikoides have occurred with increasing frequency in recent years (Tango et al., 2005; Li et al., 2015; Reece, 2015; Lin et al., 2018). Beginning in 2007, and blooms of Alexandrium monilatum also began occurring in the lower bay in most summers following blooms of M. polykrikoides (Reece, 2015). P. cordatum, M. aeruginosa and the diatom Pseudo-nitzschia spp. are common throughout the bay; K. veneficum is limited to the oligohaline and mesohaline zones; and Dinophysis acuminata and M. polykrikoides are limited to the mesohaline and polyhaline zones. All species were found in all seasons, but are generally most abundant during summer and fall22.



Coastal Upwelling: Santa Barbara Channel (SBC)

Coastal upwelling centers represent an extreme case of natural new nutrient inputs and are expected to exhibit equally extreme blooms of both benign and toxic phytoplankton (Kudela et al., 2010). Unlike most coastal ecosystems impacted by eutrophication, the physical, chemical, and ecological characteristics of eastern boundary currents, such as the California current system, are dominated by wind-driven coastal upwelling which enriches these waters with nutrients far in excess of riverine inputs of anthropogenic nutrients (Anderson et al., 2008).

The Santa Barbara Channel (SBC) in the Southern California Bight is an elongated ecosystem (4,000 km2) bounded to the north by the California coast, to the south by the Channel Islands 50 km offshore, and by narrow, relatively shallow sills to the west (475 m) and east (200 m) (Bograd et al., 2002). Between these sills lies the Santa Barbara Basin which is periodically flushed with cool, dense, oxygenated water that flows over the western sill and sinks into the basin. Waters below the deepest sill are dysaerobic (dissolved oxygen < 0.1 ml liter–1) between flushing events (Bernhard and Reimers, 1991). Flushing event frequency of deep water is driven by interannual climate (ENSO) variability, which switches the basin between a stagnant water column and a ventilated one, a process that amplifies variability in the magnitude of oxygen depletion (Bograd et al., 2002; Wang et al., 2017).

Upwelling is by far the largest source of nutrients to the SBC ecosystem as a whole, especially during the late spring and early summer (Warrick et al., 2005; Howard et al., 2017). N input via upwelling is estimated to be ∼ 0.21 × 109 kg yr–1, a rate that is 2–3 orders-of-magnitude greater than the riverine inputs during wet, El Nino years (Warrick et al., 2005). The largest river flowing into the Channel is the Santa Clara River with an annual mean flow of 0.16 km3 yr–1. Although total riverine N input is much less than that supplied by upwelling, the timing these inputs are seasonally out of phase with river runoff peaking during winter storms and upwelling during spring-summer (Warrick et al., 2005; Anderson et al., 2008). In addition, upwelling inputs occur at the western end of the basin while riverine inputs occur along the eastern boundary.

Although the distribution of phytoplankton biomass in the SBC is complex, the long-term climatology of surface Chl concentration (derived from satellite ocean color images) reveals two consistent features: (1) maximum biomass north of the Channel Islands and over the Santa Barbara Basin and (2) a second maximum along the coast in the eastern SBC where the continental shelf widens (Warrick et al., 2005; Brzezinski and Washburn, 2011). It is estimated that new production23 from river runoff accounts for 0.03–4% of total new production (river + upwelling) within the SBC. Since upwelling is generally lower during El Niño, river contributions are most significant during these years (∼4% of new production in 1998) (Warrick et al., 2005). However, while high phytoplankton biomass over the basin and north is fueled primarily by upwelling, the near shore maximum to the east is fueled by a combination of mechanisms including upwelling, diurnal internal waves, and river runoff (McPhee-Shaw et al., 2007). Upwelling dominates increases of inner−shelf DIN during March-May and accounts for more than half of annual advective inputs. Internal waves are an important source during summer, and riverine inputs are significant during winter.

The frequency of toxic phytoplankton blooms increased during the first decade of this century (Anderson et al., 2009). Episodic blooms of potentially toxic species (the diatom Pseudo-nitzschia spp. and the dinoflagellate Lingulodinium polyedrum) occur along the coastline of the Southern California Bight including the SBC (Bialonski et al., 2016). Blooms of Pseudo-nitzschia and Lingulodinium tend to occur during spring-summer when upwelling events are most frequent (Schnetzer et al., 2013). However, this does not preclude the possibility that the growth of these algae, their toxicity, and the frequency or duration of toxic events may be exacerbated by anthropogenic nutrient inputs (Anderson et al., 2008). Blooms can occur during fall or winter, presumably fueled by riverine inputs of nutrients (Kudela et al., 2010). Other toxin-producing phytoplankton that occur here include dinoflagellate species from the genera Akashiwo, Alexandrium, Cochlodinium, and Dinophysis.

Bottom water oxygen in the basin has been decreasing since about 1850 due to upper ocean warming (decreases in solubility and vertical mixing) (Wang et al., 2017), and the frequency and duration of hypoxia in California Current waters has been increasing as the Eastern Pacific oxygen minimum zone expands (Stramma et al., 2010; Wang et al., 2017). The spatial extent of oxygen depleted deep water is estimated to be on the order of 800 km2. Low−oxygen water (mean = 0.5 ml liter–1 during 2008–2011) from the oxygen minimum enters the basin over the western sill and is further depleted of oxygen by the decomposition of organic matter from productive surface water fueled primarily by upwelled nutrients and exacerbated by riverine inputs of anthropogenic nutrients (Ohkushi et al., 2013). An indication of the significance of the latter is the observation that dissolved oxygen in nearshore bottom water (within 10 km of the shoreline) has declined by up to four times faster than reported for more offshore waters over the last 15 years (Booth et al., 2014). The trend has been briefly interrupted when dense oxygenated water flows into the basin during transitions from El Niño to La Niña conditions (Wang et al., 2017). Thus, anthropogenic nutrients can have an impact on local spatial scales within the larger upwelling ecosystem (Howard et al., 2017).





FILTERS: SUSCEPTIBILITY TO EUTROPHICATION

The seasonal development of bottom water hypoxia is driven primarily by river borne nutrient inputs in the NGM, ECS, NA, and CB; by the cumulative inputs of both riverine inputs and N-fixation in the GBR and BS; and by upwelling in the SBC. In addition to the spatial extent of bottom water hypoxia (Table 1), decadal scale increases in summer toxic phytoplankton events have been observed in the NGM, ECS, BS, NA, CB, and SBC. With the exception of the SBC where DIN:DIP is < 10, each of these ecosystems is characterized by DIN:DIP molar ratios that are significantly above the Redfield Ratio of 16 which promotes the growth of toxic dinoflagellates (Glibert and Burford, 2017). Only the GBR, where DIN:DIP ratios are < 16, has not experienced significant decadal increases in toxic blooms. In addition, while biologically engineered habitats have been lost in all ecosystems except the SBC, four systems are particularly significant in this regard: (i) losses of tidal marshes (Mitsch et al., 2005) and oyster reefs in the NGM (Peyronnin and Condrey, 2017); (ii) degradation of coral reefs in the GBR system (Bell, 1992; Bell et al., 2014); (iii) losses of seagrass meadows and brown algae in the BS, and (iv) losses of oyster reefs (Newell, 1988; Theuerkauf et al., 2019a)24 and seagrass meadows (Orth and Moore, 1983) in CB. Given these expressions of eutrophication, CB ranks highest in terms of cumulative impacts followed in rank order by the BS, NA, NGM, SBC, ECS, and the GBR (Table 1).

To what extent are these expressions of eutrophication reflections of the magnitude of N loading and levels of NPP? Despite major contrasts in the magnitude of N loading, NPP was < 300 g C m–2 yr–1 in all ecosystems except CB and the SBC (Table 1). While the N load to the BS is nearly an order of magnitude higher than that to CB, mean NPP of the BS is nearly three times lower than that of CB. However, the BS is ranked lower than CB in terms of the severity of eutrophication. Likewise, while nutrient loading to the ECS is more than an order of magnitude greater than to CB, NPP of CB is twice that of the ECS and the ECS is ranked 6th in terms of the severity of eutrophication while CB is ranked 1st (Table 1). These relationships underscore the importance of viewing impacts in the context of their spatial extent relative that of the ecosystem as specified by boundary conditions.

In terms of susceptibility, it has been known for some time that coastal ecosystems vary in their sensitivity to anthropogenic nutrient enrichment based on key characteristic of each ecosystem (Cloern, 1982, 2001; Officer et al., 1982; National Research Council [NRC], 2000; Smith et al., 2003; Dalsgaard et al., 2005; Theuerkauf et al., 2019a). Among the more important of these are the dilution potential of nutrient inputs within the ecosystem, residence times of nutrients in the ecosystem, export of N via denitrification and anammox25 from the ecosystem, biofiltration26 within the ecosystem, and synergies with other pressures. Based on its long residence time (Stigebrandt, 2001) and low dilution potential, the BS is highly susceptible to eutrophication while the susceptibility of the GBR is low due to its short residence time and high dilution potential (Wang et al., 2007; Table 1). The importance of N export via denitrification and anammox is particularly apparent in the ECS while zooplankton grazing appears to be an important loss term in the NGM (Dagg, 1995) and the BS (Lignell et al., 1993). At the same time, the loss of oyster reefs in CB and the NGM has reduced biofiltration and increased the susceptibility of these ecosystems to eutrophication.

Despite major differences in N loading and in the relationship between N load and impacts (Table 1), all of these systems except CB and the SBC would be classified as mesotrophic based on annual phytoplankton NPP (Nixon, 1995; Table 1). Perhaps criteria based on the impacts of changes in phytoplankton biomass, such as those described above, would be more useful. As emphasized by Newton et al. (2003), these relationships highlight a significant problem with defining trophic status in terms of specific, quantitative ranges of NPP, a problem that is exacerbated by synergies with other pressures.



THE PERFECT STORM: SYNERGIES AMONG PRESSURES

The impacts of continued increases in N loading are likely to be exacerbated by synergies with other pressures, especially over fishing, coastal development, and climate-driven warming, acidification and increases in wet precipitation (Newton et al., 2012; Paerl et al., 2019). Thus, it is likely that the severity and extent of coastal eutrophication will continue to increase in the absence of aggressive actions to reduce diffuse inputs of anthropogenic N and P to coastal watersheds and airsheds (Boyer and Howarth, 2008; Swaney et al., 2012; Townhill et al., 2018). Examples of synergies are given below to illustrate the problem.

	•The spatial extent of hypoxic bottom water is forecast to continue increasing, primarily due to the combined effects of ongoing increases in anthropogenic nutrient inputs to coastal watersheds, increases in fishing pressure, ocean warming, and increases in wet precipitation (Huntington, 2006; Eriksson et al., 2009; Rabalais et al., 2009; Altieri and Gedan, 2015; Cloern et al., 2016; Sinha et al., 2017; Breitburg et al., 2018); and it is likely that the rate of biodiversity loss in coastal ecosystems will increase as a consequence (Diaz and Rosenberg, 1995; Vaquer-Sunyer and Duarte, 2008).
	•Regional declines of large predatory fish in the Baltic Sea have been shown to promote eutrophication by decreasing grazer control of algal biomass by minnows and other small grazers (Eriksson et al., 2009; Bergström et al., 2019).
	•The development of hypoxic bottom water amplifies acidification caused by the ocean’s assimilation of CO2 resulting in decreases in pH to levels that have an adverse impact on calcifying organisms including shellfish, planktonic pteropods and corals (IPCC, 2014; Wallace et al., 2014; Anderson et al., 2015; Ekstrom et al., 2015; Laurent et al., 2018).
	•Hard coral cover on the GBR decreased by > 70% during the twentieth century, apparently due to a combination of nutrient-driven increases in Chl concentration and macroalgal cover, storm damage, coral bleaching, widespread growth of the crown of thorns starfish, and coral skeletal diseases (Bell et al., 2014). Chronic exposure of coral reefs to excess nutrient enrichment enhances coral bleaching during warming events and increases the severity of disease in stony corals (Vega-Thurber et al., 2014). In addition, overfishing and nutrient pollution reduce the resilience of coral reefs by increasing coral–algal competition and reducing coral recruitment, growth and survivorship (Zaneveld et al., 2016).
	•The frequency of toxic algal events appears to be on the rise to the detriment of marine animals and people (Heisler et al., 2008; Glibert and Burford, 2017), a trend that appears to be driven by synergies among increases in anthropogenic nutrient enrichment, N:P ratios, sea surface temperature, vertical stratification (Glibert et al., 2014, 2018; Gobler et al., 2017; Wurtsbaugh et al., 2019), and overfishing (Vasas et al., 2007).





IMPACTS OF CULTURAL EUTROPHICATION ON ECOSYSTEM SERVICES

Cultural eutrophication has major consequences for the biodiversity of coastal ecosystems and the services they provide to society, including fish production, protection from coastal erosion and flooding, water filtration, and nutrient cycling. Examples of impacts of eutrophication on services include the following:


(i)The development of oxygen deficient bottom waters leads to declines in the abundance of macrobenthic animals and to increases in energy flow through microbial food webs relative to energy flow through metazoan food webs that support mobile consumers (e.g., fisheries), a shift that may reduce the carrying capacity for fisheries in some ecosystems (Diaz and Rosenberg, 2008; Condon et al., 2011; Figure 9).
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FIGURE 9. Conceptual diagram of how hypoxia alters energy flow through marine food webs. Typically, 25–75% of macrobenthic carbon biomass is transferred to higher level consumers (e.g., fish populations) when oxygen levels are sufficiently high to support aerobic metazoan animal populations. As oxygen levels decline, higher-level predation decreases and the proportion of benthic energy transferred to microbes increases until microbes process all benthic energy under anoxic conditions with hydrogen sulfide (H2S) production (adapted from Diaz and Rosenberg, 2008).


(ii)It is estimated that eutrophication in the Baltic Sea has resulted in a decline in ecosystem services at a cost of ∼ $ 4,400 yr–1 (Elofsson, 2010; HELCOM, 2018a).

(iii)Warm water coral reefs provide in excess of $375 billion in services annually that benefit > 500 million people in at least 90 countries worldwide (Hoegh-Guldberg et al., 2017).

(iv)Mangrove forests, salt marshes, seagrass beds, and coral reefs provide nursery grounds for marine animals and provide protection against coastal flooding and erosion (Koch et al., 2009).

(v)Toxic phytoplankton events have had negative impacts to fisheries, coastal ecosystems, public health, and coastal economies (Anderson et al., 2015). The economic cost of these events to the EU has been estimated to be on the order of $1 billion per year (Hoagland and Scatasta, 2006).



It is important to emphasize that these impacts should be viewed in the context of their spatial extent relative to the size of the ecosystem as a whole. While N enrichment usually causes increases in biological production, and hypoxia reduces biomass and the availability of suitable habitat, the relationship between N loading and fish landings is complex (e.g., Chesney et al., 2000; de Mutser et al., 2016). A comparison of 30 coastal ecosystems worldwide shows that when the spatial extent of bottom water hypoxia is < 20% of the ecosystem’s area, fish landings per unit N loading (kg wet weight per kg N) range between 0.1 and 2.1, but when spatial extent was > 20%, landings per N loading were consistently < 0.5 (Breitburg et al., 2009).



MANAGING DIFFUSE INPUTS

Although N supply typically limits the magnitude of seasonal phytoplankton blooms in coastal ecosystems, both P and N inputs should be managed since P has been found to be the primary limiting nutrient in some coastal ecosystems (e.g., the NA), and managing only N without managing P inputs can lead to decreases in N:P ratios, increases in N-fixation, and toxic blooms of cyanobacteria (Conley et al., 2009; Glibert et al., 2014; Paerl et al., 2016; Glibert and Burford, 2017).

Nutrient enrichment from diffuse sources generally account for most anthropogenic nutrient loading, especially in watersheds where industrial agriculture and fossil fuel combustion are prevalent. While significant progress has been made in reducing nutrient inputs to coastal waters from point sources through tertiary waste water treatment27, reducing nutrient inputs from diffuse sources has proven to be much more difficult, especially in large watersheds (Boesch, 2019). In addition, rates of recovery in response to management actions to control diffuse inputs are often slow in coastal ecosystems, making it more difficult to relate cause and effect, a problem that is compounded by hysteresis in the trajectories of the processes of eutrophication and oligotrophication, i.e., for the same nutrient input, ecosystems are structured differently on the eutrophication trajectory than on the subsequent oligotrophication trajectory so they may not return to the same initial state (Duarte et al., 2009; Jochimsen et al., 2013; McCrackin et al., 2017; Duarte and Krause-Jensen, 2018).


Management Response Strategies in the United States, the EU, and China


United States

The 1998 National Strategy for the Development of Regional Nutrient Criteria28 presented an approach the U.S. Environmental Protection Agency (EPA) now uses to work with States and Tribes to adopt nutrient criteria as part of State water quality standards. Each State is required to submit a list of impaired and threatened waters within their jurisdiction and to establish priorities for the formulation of “Total Maximum Daily Loads” (TMDLs) of nutrients and other pollutants to these water bodies29. Implementation by each State may occur via direct management actions and water quality trading programs30. In addition to TMDLs, the EPA funds state-level diffuse source management programs that incorporate “Best Management Practices” (BMPs) (Liu et al., 2017). BMPs can be implemented to reduce nutrient loading from urban sources by using detention basins, constructed wetlands, vegetative swales31, and rain gardens. A critical BMP for agricultural fields is to improve nutrient use efficiency, i.e., select the right fertilizer and tune applications to match plant requirements and reduce nutrient losses. BMPs also include contour farming32, crop rotation, cover crops, no tillage, grassed waterways, constructed wetlands, grade stabilization structures, and vegetated buffer strips.

However, implementation has been slow and uneven because it is not a legal requirement, funding is insufficient, and outcomes are uncertain due to time lags between management actions and improvements in trophic status and hysteresis. In addition, although technical tools and management practices exist for cost-effective reductions in nutrient inputs, implementation remains the primary problem, which suggests that new policy approaches should be tried. A broader use of incentives, trading, and corporate stewardship is clearly needed.



Europe

Numerous policy instruments have been propagated in an effort to protect coastal ecosystems (Joint Research Centre [JRC], 2014). The Nitrates Directive33 is intended to protect water resources against nitrates from agricultural sources, and the Urban Waste Water Treatment Directive (UWWT) aims at controlling emissions of nitrogen and phosphorus from point sources such as urban sewage effluents (Joint Research Centre [JRC], 2014). They both support the Water Framework Directive (WFD) that aims to achieve Good Ecological Status of water, including coastal waters, by 2020 (Pulido-Velazquez and Ward, 2017). The Marine Strategy Framework Directive has a specific descriptor focused on eutrophication to achieve Good Environmental Status in marine waters. These legal instruments are further complemented by international initiatives of Regional Seas that aim to control pollution from land-based sources and maritime transport, e.g., the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR), the Helsinki Convention on the Protection of the Marine Environment of the Baltic Sea Area (HELCOM, 2018b), and the Convention for the Protection of the Mediterranean Sea (Barcelona Convention).

However, despite numerous policy directives and conventions, the most recent assessment of trophic status of European coastal ecosystems (European Environmental Agency [EEA], 2018) shows that 40% of coastal (continental shelf) waters and 66% of transitional waters (estuaries) failed to achieve the objective of good ecological status34 (Poikane et al., 2019). Therefore, a new Fertilizing Products Regulation was adopted in 2019, and Carvalho et al. (2019), made the following recommendations to address the ongoing eutrophication problem:


(i)Changes in ecological status must be monitored and assessed more effectively;

(ii)Management actions must account for the effects of multiple stressors;

(iii)Management targets of the Water Framework Directive (WDF)35 need to acknowledge long-term recovery time-scales;

(iv)Water resource protection must be mainstreamed into other policy instruments; and

(v)WFD implementation must acknowledge management needs beyond 2027.



It is too early to assess whether these new EU fertilizer regulations will be effective, particularly in view of sometimes lengthy recovery times (O’Higgins et al., 2014).



China

The Chinese Government regards agriculture as the primary driver of economic development in the twenty-first century, and Chinese policy calls for implementing Integrated Nutrient Management (INM). The major challenge is how to increase crop production to meet food-demand while also increasing nutrient use efficiency (NUE) to protect the environment (Zhang F. et al., 2012). Nutrient management strategies have been successful in terms of maintaining maximum crop production, but attempts to improve NUE have been met with limited success in industrial agriculture. As a result, agricultural ecosystems are maintained in a state of nutrient saturation and are inherently leaky because chronic surplus additions of N and P have been used to maximize production.

INM was launched in 2005 with funding for 5-years (6 billion Yuan or $923 million US) (Zhang F. et al., 2012). The overall goal was to maximize both crop production and NUE by informing “root zone-rhizosphere management36 through soil testing and controlled fertilizer application. The objective is to manage soil nutrient supply in the root zone to match the quantity required for crop production. Rhizosphere management was proven to be an effective approach for increasing both crop productivity and NUE for sustainable agricultural production. However, there is still a long way to go to realize the objectives of NUE.

China’s agricultural advisory system is fragmented (Ma et al., 2013). Increasing agricultural production is the primary role of the Ministry of Agriculture while environmental protection is the primary role of the Ministry of Environmental Protection. However, the Ministry of Agriculture has the greatest influence on farmers through financial incentives. In addition, regional Governors focus on industrial development and employment. As a result, regional governments often pay little attention to sustainable food production and environmental protection (Ma et al., 2013).

Fortunately, the Chinese Government is aware of the importance of INM to sustainable production and supports its adoption on a national scale. The key steps of INM are to (1) optimize inputs of anthropogenic nutrients by considering all possible nutrient sources, (2) match nutrient applications to crop requirement in this context, and (3) reduce N losses from industrial agriculture (Zhang F. et al., 2012). This has been a challenge given the transitions China has been going through in terms of both evolving from an agrarian society to an industrial society and from a government-led system to a market-led system. Adapting to these trends will require Governmental support for agriculture to deemphasize fertilizer-subsidies and increase direct support for farmers who can demonstrate that they are not only contributing to increases in food production but are also increasing NUE and environmental protection.




The Way Forward

Managing coastal eutrophication on regional to global scales requires both more comprehensive detection and monitoring of nutrient inputs and their impacts, especially, as noted in section “Global Trends and Patterns,” in the southern hemisphere (Altieria et al., 2017; Diaz et al., 2019). In addition, efforts to reverse eutrophication and accelerate oligotrophication require more comprehensive strategies to reduce eutrophication than simply reducing nutrient inputs to coastal watersheds. These begin with ecosystem-based management plans that consider watersheds and their receiving bodies of water as a whole (e.g., large marine ecosystems) and, in this context, land-use practices that integrate land-based controls to manage nutrient releases and transports to coastal ecosystems (Carlson et al., 2019). Each part of the watershed plays a role in contributing to nutrient inputs, which are modulated by soil type, land use practices and land cover. Identifying critical source areas (CSAs)37 for cost effective nutrient control should be part of such an integrated approach (Pokhrel and Paudel, 2019).

Managing inputs of nutrients to watersheds and transports to coastal ecosystems can be augmented as needed. Examples include the following:


(i)Recycle animal manure to cropland within watersheds has been shown to be an effective BMP that substantially reduces nutrient runoff (Strokal et al., 2020);

(ii)Restore critical habitats (seagrass meadows, coral reefs, oyster reefs, mangrove forests and salt-marshes) to remove nutrients, increase sequestration of organic matter in benthic sediment, and increase rates of denitrification;

(iii)Establish sustainable macroalgal and bivalve aquaculture systems to remove excess N and P (Burkholder and Shumway, 2011; Kellogg et al., 2014; Duarte and Krause-Jensen, 2018; Theuerkauf et al., 2019a, b; Kotta et al., 2020); and

(iv)Implement ecologically sound hydrological interventions to increase flushing and reduce the residence time of nutrients (Dettmann, 2001).



Given the challenges of controlling diffuse nutrient inputs and their impacts, two essential, mutually dependent activities must come into play to formulate, implement and improve cost-effective nutrient management strategies. First, repeated assessments of nutrient loading (sources and transportation routes) and impacts are needed that are informed by sustained and integrated research and monitoring (cf., Paerl, 2006; Carstensen, 2014; Malone et al., 2014). Second, these assessments must be enabled by ongoing guidance from scientists, politicians, managers and the public (Malone et al., 1993).
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FOOTNOTES

1“Excess” phytoplankton production occurs when the rate at which organic matter is produced exceeds the capacity of aerobic consumers and physical dilution to prevent accumulations of organic matter.

2This does not mean that phosphorus does not play a role (cf., Turner and Rabalais, 2013).

3A boundary beyond which human perturbations are predicted to destabilize the Earth’s N cycle on a global scale.

4Assimilation of carbon dioxide and heat from the atmosphere mitigates the impact of anthropogenic carbon emissions.

5For our purposes, critical habitats include both the pelagic habitat and biologically engineered benthic habitats (coral and oyster reefs, seagrass meadows, kelp forests, tidal marshes and mangrove forests).

6Ecosystem-based approaches (i) emphasize the protection of ecosystem structure and function; (ii) are place-based; (iii) explicitly account for interactions among species (including humans) and between species and their environment; (iv) consider interactions among ecosystems; and (v) integrate ecological, social, economic, and institutional perspectives.

7An index of phytoplankton biomass.

8Hypoxia, dissolved oxygen concentration ≤ 2 mg liter–1; anoxia, water depleted of dissolved oxygen.

9A rapid increase in density with depth in the water column which separates a vertically mixed surface layer from bottom water.

10The global network of large marine ecosystems (LMEs) includes coastal watersheds and the coastal ocean (estuaries and the open waters of the continental shelves). LMEs vary in size from ∼ 200,000 km–2 to > 1,000,000 km–2 and encompass areas of the coastal ocean where primary productivity is generally higher than in the open ocean (Sherman, 1991).

11In addition to the major sources listed below, there are many, relatively minor, additional sources including industrial sources, especially from biomass and food processing, e.g., paper mills, dairy, brewing.

12Ground water discharge is estimated to be < 4% of nutrient exports to coastal waters globally (Beusen et al., 2013). Given this, and challenges of quantifying ground water inputs on regional to global scales (National Research Council [NRC], 2000), this pathway is not considered here.

13Oligotrophic < 100 g C m–2 yr–1, Mesotrophic 100–300 g C m–2 yr–1, Eutrophic 301–500 g C m–2 yr–1, and Hypereutrophic > 500 g C m–2 yr–1.

14Nutrients supplied from outside the ecosystem (e.g., nitrate input via upwelling and river runoff) as opposed to nutrients that are regenerated and recycled within the ecosystem (e.g., ammonium).

15http://mississippiriverdelta.org/files/2018/09/Known-Impacts-of-the-Mississippi-River-1.pdf (Accessed April 21, 2020).

16Denitrification is generally the dominant pathway for N removal in coastal ecosystems (Dalsgaard et al., 2005). Coastal marine sediments play a critical role in N losses via denitrification and anaerobic ammonium oxidation (anammox).

17Human activity preferentially mobilizes nitrate over other forms of nitrogen (Howarth et al., 1996).

18Increases in Chl reduce light penetration. Clear water occurs when the attenuation coefficient for downwelling photosynthetically active radiation is < 0.17.

19The crown-of-thorns (Acanthaster planci) is responsible for the loss of immense stretches of coral throughout the Indo-Pacific region, especially on the GBR. Larvae of this starfish are able to clone themselves, and the frequency of larval cloning increases with increasing phytoplankton biomass. This has the potential to increase the supply of larvae and consequently the abundance of adults (Allen et al., 2019).

20Ciguatera fish poisoning is a foodborne illness caused by eating reef fish whose flesh is contaminated with certain toxins (e.g., palytoxin, an intense vasoconstrictor considered to be one of the most poisonous non-protein toxins known).

21A geological epoch, supplementing the Holocene, when anthropogenic activities became a dominant driver of environmental change as indicated by the rapid rise in atmospheric carbon dioxide and methane that began in the latter part of the eighteenth century (Crutzen, 2002; Waters et al., 2016).

22https://www.chesapeakebay.net/what/downloads/cbp_water_quality_database_1984_present (Accessed April 21, 2020).

23Inputs of new nutrients (e.g., nitrate via upwelling) from outside an ecosystem supports “new” phytoplankton production in contrast to “regenerated” production supported by nutrients recycled (e.g., ammonium) within the ecosystem (Dugdale and Goering, 1967).

24The standing stock of filter feeding oysters is estimated to have decreased to < 2% of that present prior to the twentieth century due to over fishing and disease, a decline that has exacerbated the impacts of increasing anthropogenic nutrient enrichment (Newell, 1988).

25Denitrification is generally the dominant pathway for N removal in coastal ecosystems (Dalsgaard et al., 2005). Denitrification removes nitrogen from an ecosystem by converting fixed nitrogen to dinitrogen gas, which can then be lost to the atmosphere. Coastal marine sediment plays a critical role in N losses via denitrification and anaerobic ammonium oxidation (anammox) and release of nitrous oxide.

26Biofiltration by oyster reefs has declined globally by 85% making coastal ecosystems, such as Chesapeake Bay and the northern Gulf of Mexico, more susceptible to eutrophication due to the associated decline in biofiltration (Theuerkauf et al., 2019a, b).

27An advanced treatment process that effectively removes most inorganic nutrients (N and P) and, in so doing, improves the quality of wastewater before it is discharged or recycled.

28https://www.epa.gov/sites/production/files/2018-10/documents/nutrient-strategy-1998.pdf (Accessed April 21, 2020).

29https://fas.org/sgp/crs/misc/R42752.pdf (Accessed April 21, 2020).

30https://www.epa.gov/chesapeake-bay-tmdl/trading-and-offsets-chesapeake-bay-watershed (Accessed April 21, 2020).

31Broad, shallow channels designed to convey and infiltrate storm water runoff. Swales are vegetated along the bottom and sides of the channel, with side vegetation at a height greater than the maximum expected volume flow of storm water.

32The practice of tilling sloped land along lines of consistent elevation in order to conserve rainwater and to reduce soil losses from surface erosion.

33The Nitrates Directive was adopted in 1991 to protect water quality across Europe by preventing nitrates from agricultural sources polluting ground and surface waters and by promoting the use of good farming practices.

34Indicators of good ecological status include the following: (i) Biodiversity is maintained; (ii) Non-indigenous species do not adversely alter the ecosystem; (iii) Populations of commercial fish species are healthy; (iv) Eutrophication is minimized; (v) Permanent alterations of hydrographic conditions do not adversely affect the ecosystem; (vi) Concentrations of contaminants give no ecological effects and concentrations in seafood are below safe levels; (vii) Marine litter does not cause harm; and (viii) Introduction of energy (including underwater sound) does not adversely affect the ecosystem.

35https://ec.europa.eu/environment/water/water-framework/info/intro_en.htm (Accessed April 21, 2020).

36Rhizosphere management emphasizes maximizing the efficiency of root-rhizosphere processes in nutrient acquisition and use by crops rather than simply depending on excessive fertilizer inputs.

37Critical source areas are areas within a watershed that contribute a disproportionately large amount of nutrients to the identified water quality problems. They are generally considered to be places where high-level nutrient sources coincide with high nutrient transport potential.

38http://unesdoc.unesco.org/ulis/.
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There is a growing emphasis on formally recognizing the connection to the marine environment of Indigenous peoples and the traditional ecological knowledge (TEK) these strong connections cultivate. The potential for TEK to significantly enrich the scientific comprehension of the marine environment, whilst also celebrating the rich bio-cultural knowledge in its own right, is indisputable. Here, we present a scientifically robust and culturally appropriate participatory mapping methodology for the marine environment which can effectively achieve genuine cross-cultural ecological knowledge transfer between scientists and Indigenous Peoples. Through a case study working with the Anindilyakwa people of the Groote Eylandt Archipelago, we mapped the TEK of benthic habitats off Australia’s poorly surveyed northern coast. Representatives from 14 Anindilyakwa clan groups participated in the marine mapping (n = 53), resulting in 22 individual maps. Eleven broad-scale habitat classifications, predominately in the intertidal and nearshore marine environment, were described in both Anindilyakwa and English. The information gathered was then used to develop benthic habitat maps covering a combined area of ∼1800 km2 and was assessed for accuracy against in situ observations. We found that despite the difficulties in working across two different world views, through the application of this carefully refined methodology, scientists can effectively document the rich TEK of the marine environment in a manner suitable for conservation and management planning while also supporting the prioritization of Indigenous values within the decision-making process.
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INTRODUCTION
There is a growing emphasis globally on recognizing Indigenous people’s connection to the marine environment and the substantial traditional ecological knowledge (TEK) these strong connections cultivate (Ban et al., 2018; Sloane et al., 2018). TEK has been utilized within a western marine management context since the 1970’s, particularly in small island nations in the Pacific (Johannes, 1978; Drew, 2005; Stori et al., 2019). In this modern era of rapid environmental change and degradation, the TEK held by Indigenous peoples has ever increasing value in enhancing western scientific understanding of marine ecosystems (Gratani et al., 2011).
Despite the advances in recognizing the importance of TEK, western science (WS) often undervalues Indigenous knowledge systems (Ens et al., 2015) and the scientific utility of qualitatively derived knowledge (Levine and Feinholz, 2015). Notwithstanding this lack of acknowledgment of the value of different knowledge systems, there is potential for TEK to significantly enrich the scientific comprehension of the marine environment, while also celebrating the rich bio-cultural knowledge in its own right. The need therefore arises to develop and refine cross-cultural ecological methods, which are both culturally appropriate and scientifically robust (Ens et al., 2015).
Indigenous owned land covers approximately 38 million km2 across 87 countries and often coincides with areas with the highest biodiversity (Garnett et al., 2018). Where people have had direct dependence on the use of local resources over long periods of time, their societal obligations often have a greater emphasis on the importance of sustainable management (Balbi et al., 2019) of these resources, and with that obligation comes a rich and holistic ecological knowledge (Berkes et al., 2000). Massacres and the dispossession of land following colonization have had a devastating and continuing impact on Australia’s first peoples (Dudgeon et al., 2010). Despite this, Indigenous people have shown great resilience and an enduring connection to their traditional lands, customs and activities (Barber et al., 2015). Over 50% of Australian land is legally recognized to have an ongoing connection to Indigenous people (Renwick et al., 2017), with a greater extent also under traditional custodianship not legally recognized to date. That connection is extended out to the marine environment by those identifying as coastal or saltwater people. Longstanding relationships with ‘Sea Country’ are being formally recognized through collaborative governance arrangements within Indigenous Protected Areas (Rist et al., 2019), through native title determinations, and increasing Indigenous involvement in fisheries and marine protected area management (Ward et al., 2018).
Australian first nations represent the longest living culture on earth and their TEK has been refined over thousands of years of direct observation and experimentation (Horstman and Wightman, 2001). A profound spiritual connection to nature underpins Australian saltwater peoples’ systems of traditional law and governance (Muir et al., 2010). With this comes great respect for ‘Country’ and an obligation to safeguard it for future generations. TEK has been passed down orally from generation to generation, however, due to the relatively recent dispossession and displacement of Aboriginal lands and people (<200 years), Australian Indigenous TEK is being lost at an alarming rate (Horstman and Wightman, 2001). There is therefore great interest from Indigenous communities in documenting TEK for future generations to prevent this extensive knowledge from being lost as Elders pass away. Indigenous Australians are also increasingly initiating their own community-based land and sea management groups, which among other things, capture and utilize TEK in the context of the changing environmental and social conditions in which they find themselves (Dobbs et al., 2015).
The Indigenous communities in Northern Australia hold extensive TEK of the marine environment in areas where scientific research has been scarce. Cross-cultural ecological research in this area thus provides a tool for scientists to gain a deeper, more holistic understanding of the marine environment. However, successfully achieving this in a culturally respectful and equitable manner can prove to be challenging when grappling with two very different world views (Gratani et al., 2011). Participatory mapping (PM) is one method that can be used to navigate cultural, language, literacy and other barriers and can underpin ‘Sea Country’ collaborations. Participatory mapping, where communities map their knowledge of the local environment, is proven to be an effective cross-cultural data gathering exercise that facilitates two-way knowledge transfer and can result in a richer understanding for all those involved (Robinson et al., 2016). The method has been used extensively to assemble TEK of the environment and assist in natural resource management and planning all over the world (Mellado et al., 2014; Reilly et al., 2016). However, there have been far fewer examples within Indigenous Australia, particularly within the marine environment.
For most management and conservation actions, habitat and species diversity and distribution depicted in a spatial manner are the preferred minimum ecological data required to inform decision-making processes (Dalleau et al., 2010). Indigenous Australian cultures are intrinsically place-based with strong connections and custodial obligations for specific areas of Country (Muir et al., 2010). In drawing on the oral and literary traditions of both Indigenous and western communities, PM is a cross-cultural methodology that supports the documentation of the spatial aspects of TEK, enabling greater cross-cultural understandings and improved management outcomes (Robinson et al., 2016).
When done well, PM can effectively document aspects of Indigenous values and knowledge (Mellado et al., 2014). To do so, research must carefully navigate three interrelated methodological concerns. Specifically, recognition that Indigenous values come from their own set of world views, much of which cannot be captured on maps; understanding that knowledge of Country is owned by specific custodians of that place, so research must identify and engage with these knowledge holders in culturally appropriate ways; and, issues regarding language translation, gender norms and literacy levels may lead to knowledge being missed or misinterpreted by researchers. Here, we share a step-wise methodology developed as a result of a cross-cultural collaboration between a federal scientific research agency, universities and Traditional Owners (TOs) in Northern Australia, which captured both Indigenous and scientific knowledge of the marine environment.


Case Study

The Groote Eylandt Archipelago in Northern Australia’s Gulf of Carpentaria (Figure 1), approximately 630 km east of Darwin, is owned by and home to the Anindilyakwa people and is found in one of the world’s last remaining inshore marine wilderness areas (Jones et al., 2018). The terrestrial components of the archipelago were declared an Indigenous Protected Area (IPA) (Davies et al., 2013) in June 2006, covering an area of approximately 3000 km2. The IPA was extended to include 7000 km2 of marine areas in 2016.
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FIGURE 1. Anindilyakwa Indigenous Protected Area, Groote Eylandt Archipelago, Northern Territory, Australia.


The Anindilyakwa people have inhabited the archipelago for approximately 6000 years and have deep cultural ties to their Sea Country. Not only relied upon for the provision of resources, the waters surrounding the archipelago are also rich in cultural significance and covered in a network of songlines which provide spiritual links between islands and are the basis for social links between Anindilyakwa people and their neighbors on the mainland (Anindilyakwa Land Council, 2012).

The external threat of seabed mining in the waters surrounding the Groote Eylandt Archipelago exposed a gap in both the documentation of traditional knowledge and the scientific understanding of the marine environment. In order to defend the protection of their Sea Country and to better inform management decisions, the Anindilyakwa Land Council (ALC) engaged the Australian Institute of Marine Science (AIMS) in 2016 to undertake an extensive scientific marine mapping project (‘Mapping Makarda’) in order to document benthic habitats and fish biodiversity and distributions. A standard scientific approach to modeling benthic and fish communities was planned using multi-beam hydro-acoustic habitat modeling for deeper waters and satellite imagery to model shallower habitats (e.g., Colquhoun et al., 2007), alongside deployment of baited remote underwater video systems (BRUVS) to assess fish diversity (Whitmarsh et al., 2017). The extremely high turbidity in the near-shore region coupled with strong currents and unreliable bathymetric charts posed a challenge for these standard methods, particularly in the near-shore waters. In addition, the research area of interest was substantial and could not be covered in full, or at a satisfactory resolution, by these standard techniques with the resources available. Given the Anindilyakwa people’s rich bio-cultural knowledge of their Sea Country and the challenges facing the WS approach, the opportunity presented itself to develop a two-way PM research project that achieved the respectful and culturally appropriate mapping of the TEK of marine habitats while at the same time helping to inform and enrich standard WS methods.

In this paper, we describe the participatory mapping component of the Mapping Makarda collaboration between the ALC and AIMS. We share lessons to inform the PM methodology and the broader implications of using PM as a tool to facilitate equitable, culturally appropriate and scientifically robust two-way knowledge sharing. We begin describing the theoretical fundamentals alongside the specific methods used in this PM approach by outlining six key steps required to successfully achieve a collaborative PM project. We provide an overview of the project outcomes and results with a demonstration of the value of TEK as an illustration of cultural knowledge and as a scientific data source. Finally, we discuss important considerations regarding the reciprocal practice of documenting spatial TEK in Indigenous communities that emerged during this process, and the utility of this method to inform management decisions.



MATERIALS AND METHODS

The Mapping Makarda project was the first time AIMS had collaborated with an Indigenous organization on this scale and similarly, it was the first time the ALC had commissioned such a large scientific project over their Sea Country. As such, there was a significant amount of learning from both parties as the project unfolded to facilitate legitimate scientific methodologies that also followed appropriate cultural protocols. The PM component followed similar methods to those described by Corbett (2009), with the broader process for collaborative saltwater knowledge sharing taking a similar approach to that outlined by Austin et al. (2017). Incorporating established PM best-practice methodology into an Indigenous Australian collaborative context, reflecting the local community dynamics within the Groote Eylandt archipelago, resulted in the identification of a six-step process that was refined throughout the project and explored in detail below (Figure 2).
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FIGURE 2. Flow chart depicting six step process for collaborative Sea Country mapping projects.



Pre-planning

Pre-planning is fundamentally about relationship-building and making sure expectations can be met. Before any project can begin, face-to-face meetings and visits to Country are critical in order to build rapport and trust.


Define Study Area and Objectives

It is important to clearly define the knowledge to be mapped in partnership with knowledge holders and to establish protocols over storage, use and dissemination of this knowledge. In these early stages, clarification of any cultural or other sensitivities which may influence how data is handled, or what data can be captured, is essential. Ensuring free, prior and informed consent is a fundamental obligation for any research documenting TEK, and it is at this stage that the Intellectual Property rights of knowledge holders are agreed upon and treated appropriately in any project funding and ethics agreements.

The study area and knowledge to be mapped by the broader Mapping Makarda project were jointly defined by the Anindilyakwa Land Council and AIMS, to cover the ALC’s priority areas of interest within IPA waters. The objectives and intended outputs were discussed to ensure the project aligned with the needs of both the ALC and AIMS. The agreed scope of the participatory mapping project was to identify the types and locations of different marine habitats across the entire IPA, and to collect community knowledge on key species that may be of particular conservation significance to both traditional owners and management agencies.



Resourcing and Project Planning

Once the study area and objectives are agreed upon, detailed project planning needs to ensure there are sufficient resources available and that the project can realistically meet all party’s needs and expectations. Specific considerations for resourcing should include adequate budget to pay for participants travel and time, expectation that a minimum of four extended visits to the community are required to allow for sufficient pre-planning, time to consult with all the appropriate knowledge custodians, meet the need for a contingency trip, and at least one trip to communicate results back to the community. Project timeframes should allow appropriate participation of knowledge holders in the planning phase and provide enough time to ensure free, prior and informed consent.

If there is doubt, or a misalignment of objectives between any project partners (in this case ALC, AIMS and TOs), the project should be discontinued or revised before it goes ahead. Seeking feedback at this stage from prospective participants on their interest in the project, its intended outcomes, whether they are willing to participate/contribute their Intellectual Property (IP), and on what they expect in return for this participation (for example, remuneration and/or project impacts) will facilitate a smoother collaborative project.

When the Mapping Makarda project was initially planned, the participatory mapping component was originally confined to working with the ALC Land and Sea Rangers. However, following the initial workshop with the Rangers, and the separate consultations with TOs, it became clear that extending the PM exercise to include the wider Anindilyakwa community would provide a richer data source and greater TO involvement and ownership over the project. This expansion was regarded as important for achieving the goals of the collaboration, which is why it was resourced internally by AIMS and Charles Darwin University. As the project unfolded, additional research priorities emerged that were able to be accommodated beyond the original scope; this scenario was a reminder to remain adaptive within cross-cultural collaborations.



Ethics and Approvals

Genuine cross-cultural research requires the research proposal to be developed with potential participants, knowledge holders and local organizations. TEK remains the intellectual property of those who contribute it. It is critical that an agreement is made as to how this property will be handled, in what settings it may be reproduced or used, and how it is best communicated to maintain its integrity. Researchers should ensure that the proposed research aligns with the Guidelines for Ethical Research in Australian Indigenous Studies (AIATSES, 2012). Only then should research proposals be submitted to all appropriate bodies; generally, the local land council or other appropriate Indigenous organizations, and the involved academic institution. Finally, researchers need to apply for and receive ethics approvals from relevant Indigenous organizations and research institutions prior to any further work.

At Groote Eylandt, the PM project proposal was developed between the researchers and the ALC Land and Sea Rangers. Standard sitting fees were agreed upon for all participants and administered through the ALC. IP remains with the TOs and any future public use of this information requires approval from the ALC and/or TOs. Approval was granted from the ALC before the Human Ethics approval was granted from the University of Western Australia (UWA Reference RA/4/1/8771), and data collection did not begin until all approvals were granted. Every participant was provided with a detailed explanation of the project scope and intended outcomes, how their knowledge would be used, and made aware that they had the right to withdraw their information at any time. This information was documented in a participant information form and was explained verbally in plain English during each consultation. Wherever possible, a Ranger attended the initial consultation to explain the project in the Anindilyakwa language, and how the outputs would be used by the ALC to improve management and pursue legal protections for Sea Country. Once participants and researchers were satisfied with their understanding of the project they were asked to sign a participant consent form.



Develop a Consultation Plan

Australian Indigenous knowledge custodianship is fundamentally place-based, and authority over knowledge is organized along kinship or familial lines. In many northern Australian regions, territories are delineated by sacred places, song-lines and ancestral narratives (Davis, 2008). Land and knowledge ownership is a function of an individuals’ relationship to these cultural resources. This means that highly targeted sampling is required as specific groups of people have the authority to speak for a specific area of Country. The particular ways in which knowledge and authority are distributed varies regionally, thus it is important that researchers sufficiently grasp the local context and select participants based on advice from the appropriate Indigenous knowledge authorities.

At Groote Eylandt, a participatory mapping exercise was initially conducted with the ALC Land and Sea Rangers. The Rangers came from a range of clan groups from around the island, and so had cultural authorization to speak about most areas of the Sea Country within the Anindilyakwa IPA. Subsequently, based on advice from the Anindilyakwa Land Council and ALC Land and Sea Rangers, the family groups and key senior knowledge holders with custodianship over areas of Sea Country within the IPA were determined to provide the basic framework to build the fieldwork around. Using a standard snowball referral strategy (Faugier and Sargeant, 1997), these initial contacts were then asked for referrals to other community members who had appropriate knowledge and permissions to speak for Sea Country (Figure 3). As a general rule on Groote Eylandt, the senior cultural authorities were approached first and, once their endorsement had been received, consultations were then broadened to other community members, who were frequent users of particular marine environments. In some cases, individuals drew on multiple authorities of diminishing seniority, to map multiple areas. In such cases, participants would first make clear their connection to an area and identify more senior knowledge holders where appropriate. An attempt was made to cover a broad spectrum of knowledge holders with diversity across age, gender, family group and personal experience. Participants were remunerated for their time at a rate agreed upon with the ALC and commensurate with their level of seniority and knowledge.
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FIGURE 3. Consultation strategy for participatory mapping of the marine environment in the Groote Eylandt Archipelago.




Fieldwork


Prepare Base Maps

The base map used for participatory mapping activities can significantly alter the results of the mapping exercise. Variables such as scale, map style (i.e., topographic vs. satellite), and medium (i.e., digital vs. paper) need to be carefully considered dependent on the type and resolution of data hoping to be captured, the profile of the participants and the setting for the consultations. In supporting Indigenous Australians to articulate and document their TEK, it is important to acquire an understanding of the local relationships to marine areas and the basis for authority to share knowledge and create maps which are going to be intuitive to, and appropriate for, the participants.

A number of different base maps were trialed at Groote Eylandt and the most effective method found was to use paper maps with high resolution topographic information for the land cover to assist participants in orienting themselves on the map. The base map also included a semi-transparent layer from a nautical chart to help guide participants toward known marine features such as seamounts and rocky islets (noting that these charts had a degree of inaccuracy). A limitation of this approach was that topographic maps use English rather than local names for geographic features. To address this, a map of local names to refer to when undertaking consultations was also used. Satellite images were useful to help with map orientation, however, were less effective for the actual mapping exercise. The paper maps meant they were easily transportable to visit individuals at their homes and on their Country and did not create a technological barrier to use. This format also allowed multiple participants to engage with the same map at the same time, important given the way authority over knowledge of Country is distributed under Anindilyakwa cultural protocols. Thus, our tool kit included at least three maps: a local place name map, a satellite image and the large topographic/marine chart for the collection of data.

The archipelago covers a large area and great consideration was put into the appropriate size and scale of the base maps. Dividing the study area to roughly align with Indigenous land ownership boundaries at a scale of 1:60,000 provided a reasonable resolution for the broad scale habitat information expected while still remaining practical in the field when mapping often occurred on verandas or on the back of a boat.



Define a Classification System

The identification and naming of species in local language can be very challenging. Scientists often try to fit TEK classifications into a Linnaeus western system, which is likely to result in misunderstandings and erode the depth of knowledge TEK provides (Wehi et al., 2009). Habitats in the marine environment from a TEK perspective could be differentiated on the basis of different ecological processes to those prioritized by scientists, on the basis of who goes there or what resources they are good for, and names will often differ between language, community or dialect. As such, a habitat category in Anindilyakwa (or other Indigenous language) terms may include cohorts of animals and benthic species and thus differ from any habitat with an English language equivalent. Yet, in order for TEK to be successfully included within western management and policy decisions it is necessary for TEK classifications to be translated in a manner that can be understood within a western context. It is therefore extremely important to get this step right.

The classification discussion began with the ALC Rangers who spent considerable time discussing different ‘areas’ in Sea Country, talking about ‘what’s on the bottom,’ using visual aids and language dictionaries to identify a classification system in the Anindilyakwa language that was meaningful to participants. Subsequently, English language descriptions were ascribed to each of the Anindilyakwa definitions. Once the classification system was defined, a legend was developed by assigning a specific color or symbol for delineation on the map.

The habitat classification system continued to be refined with every consultation, checking the initial system developed with the Rangers with all other participants. Linguists at the local language center were also consulted to cross-reference the definitions and ensure the words were spelled correctly. During the on-water fieldwork, researchers’ understanding of the Anindilyakwa classification system was checked with the Rangers through in situ observations. The final habitat classifications were compared with the WS CATAMI system (Althaus et al., 2013) to determine where similarities and differences between the two systems exist.



Mapping

The behavior and attitudes of the mapping facilitator will have a significant impact on the outputs. Asking carefully constructed non-leading questions to stimulate the mapping exercise is important. More importantly, stepping back to allow people to think, remember and discuss among themselves is crucial. Participants will come to a natural pause when they feel they have completed their map, at this stage the facilitators should step in to verify their understanding of all the features.

Small groups of no more than four to five people were optimal in the context of the work undertaken here, and two facilitators per group provided a better outcome. This allowed people to bounce ideas off each other without the group becoming unwieldly or dominated by particular individuals, and for multiple conversations to occur simultaneously amongst participants with a facilitator available to answer questions. It is likely that having a male and female (rather than two female) researchers would have helped navigate gender sensitivities (Bainbridge et al., 2013).

During the mapping exercises on Groote Eylandt, we actively encouraged participants to only document areas they were confident they could identify accurately and with cultural authority. Participants used fine-tipped colored pens to mark the known habitat distributions on the base maps. The mapping was carefully facilitated to ensure legends were adhered to and any information that may have been slightly ambiguous was interrogated further with notes added to the map if necessary. At the discretion of participants, additional information including species movement and distribution information, currents and oceanographic trends, seasonal variation, cultural information and ecological processes were also either drawn, annotated or marked with stickers on the base maps. When mapping a very large area it is easy for the scale of the information mapped to be misinterpreted. Discussion of scale during the mapping exercise is useful, for example during this study, when participants were mapping near-shore bands of mawurrira (seagrass), researchers asked for clarity regarding how wide that band was with reference to landmark points visible during the consultation, e.g., “Is it as wide as the distance to that tree over there?” Further checking of scale considerations can also be facilitated with time on Country.



Time on Country

Much knowledge about Country is gained through the experience of spending time on it. As a research step, allowing for visits to Country is important for developing cross-cultural ecological understandings, as it gives participants an opportunity to explain what they are trying to conflate onto a map. The accuracy of the mapped data relies on the researcher’s ability to understand what information is being communicated, and interpret this correctly. It provides an opportunity for discussions about what we can see and the significance of the different areas both ecologically and culturally. Some Elders struggle to get out onto Country regularly due to resource or health constraints, so integrating Country visits into the research methodology recognizes and supports their cultural obligations while also providing a platform for more detailed knowledge sharing. Time on Country also allows participants to have a fresh memory of the tangible places they are trying to represent through the abstract format of a two dimensional map. This can support the recollection of more details about an area than triggered by an office or town-based consultation setting and allows for checking of spatial data.

At Groote Eylandt, a limited number of field visits meant few opportunities to take informants out on Country. Researchers were able to undertake in situ observations of shallow water habitats with the ALC Indigenous Rangers over a period of 4 days aboard their vessel using a bathyscope (Lamand and Beisel, 2014). The bathyscope observations provided the data required to ground truth the subtidal habitats demarcated on the TEK map while also providing researchers with an opportunity to visually identify and discuss Anindilyakwa classifications with the Rangers. The bathyscope observation points were determined using a spatially balanced survey design known as Generalized Random Tessellation Stratified sampling (GRTS) (Brown et al., 2015), which was generated using the R package spsurvey (Kincaid and Olsen, 2011). The bathyscope observations were recorded using percent cover of benthic habitats following the CATAMI classification system (Althaus et al., 2013). This method of survey design attempts to ensure coverage of all the different habitat types, however, the high turbidity at Groote Eylandt meant observations were restricted to <5 m in depth and, due to the large size of the study area, sample sites were restricted to areas that were accessible to the ranger vessels within a single day. These limitations meant some TEK habitat classifications were not sufficiently sampled to enable statistical analysis.



Data Processing and Analysis

The interpretation of the data derived from qualitative mapping techniques has a direct influence on the results. In transformation of the data from paper to digital format, care needs to be taken to maintain the highest level of spatial accuracy possible. It is then up to the researcher to objectively describe, analyze and interpret the data in a manner that accurately represents the information conveyed by participants (Suchan and Brewer, 2000). We recommend that transformation and coding of the data is carried out as early as practicable after the mapping exercise.

Immediately following each round of fieldwork, the completed maps were scanned in high resolution and georeferenced in ArcMap 10.3 using the nautical chart as the reference layer, a minimum of 4 points per image were used with a minimum accuracy of 10 m2. The georeferenced maps were then digitized manually to create polygon and point shape files delineating habitat types, species occurrences, and other information. Knowledge shared that could not be communicated spatially was added to the attributes table as ‘notes.’

The digitized TEK maps were combined within Arc GIS 10.3 to assess similarities and differences of the spatial information shared by the participants, and the most frequently occurring habitat class in any given area was identified. The final TEK habitat map was an amalgamation of the most frequently occurring classifications. To visualize the distribution of TEK data density, a heat map was generated in ArcGIS 10.3 through the union of the individual TEK maps followed by a count of individual data points where the overlapping layers intersected. Standard scientific habitat classification methods were used in the field (Supplementary Material 1) and a k-means cluster analysis (Hartigan and Wong, 1979) using the R statistical software package generated habitat classes from the in situ observations. K-means was run with 20 random starts and a maximum of 1000 iterations for convergence. An elbow plot (Supplementary Material 2) was used to select six WS habitat clusters.

The habitat classes derived from the time on Country were cross-referenced with the Anindilyakwa habitat classes for comparison, and both data sets were fit into the CATAMI classification system (Althaus et al., 2013). Validation of the TEK map using the bathyscope observations was carried out in R through the generation of a confusion matrix (Lewis and Brown, 2001), which compares predicted (TEK) with actual (WS) outcomes. A pairwise comparison of the two datasets was carried out using the Kappa statistic, which determines the similarity of the datasets after accounting for resemblance due to chance (Monserud and Leemans, 1992). A geographical representation of agreement between the TEK map and the validation points was generated in ArcMap 10.3.



Check and Refine

Throughout every step of the project, maps and other outputs need to be checked with the participants to eliminate misunderstandings, ensure the knowledge initially shared is still permitted to be shared within the intended format, and to recognize the co-ownership of the outputs. It is important that researchers are present to discuss results and to check that the outputs are aligned with the needs and uses of the community as identified in the planning stages, that they also remain responsive to any development that occurred over the course of the project.

We took every opportunity during each of the field trips to revisit senior knowledge holders to check the previous mapping results and habitat classifications and refined the maps in response to their requirements. For example, one senior TO withdrew permission late in the project for inclusion of an area dense with sacred sites. It was not logistically possible to revisit all TOs who engaged in the PM process, therefore significant time was spent with the ALC Rangers checking and refining the results in order to equip them with sufficient understanding to feedback to the broader community. We also continuously refined our understanding of the Anindilyakwa habitat classifications to ensure our WS understanding was an accurate representation of the TEK descriptions.



Return and Share

Returning to the community with the final outputs to share and interpret the results is critical to ensure a genuine cross-cultural outcome and continued positive relationships within the community. Researchers returned to Groote Eylandt on multiple occasions to work in collaboration with the ALC and Rangers to develop a series of posters and videos in both the Anindilyakwa language and English to communicate the results of the project. A detailed workshop was then held to provide feedback of research findings to Rangers and the Land Council and a storybook was distributed alongside a printed copy of the final TEK map to the families of all project participants.



Limitations

Limited field trips and cultural obligations of TOs while we were on Country meant we were not able to consult with all the senior knowledge holders within each clan group; therefore data represented here is not an exhaustive take on TOs knowledge. The WS validation samples were restricted to very shallow areas within close proximity to boat ramps thus were only achieved across a small section in the northern region of the study area (Figure 7) and habitat types.



RESULTS

A total of 53 members of the Anindilyakwa community contributed to the participatory mapping exercise which generated 22 individual maps. The most detailed and frequently documented areas were generally those found closer to shore and in proximity to the main communities (Figure 4). TEK relating to Sea Country habitats covered a combined area of ∼1,800 km2 (25% of the IPA waters) with 11 classes described in the Anindilyakwa language (Figure 5). Of these, eight Anindilyakwa habitat classes were sub-tidal. When matched with CATAMI equivalent habitat classes, two different sand descriptions (yiningilya and yilyirriya) were collapsed into coarse sand. Notably, one of the most prevalent Anindilyakwa classes, amindurrkalarruwa (patch reef), directly translated as “a little bit”, did not fit into any existing WS habitat categories (Figure 6). Simplifying the classification system to the substrate level resulted in two CATAMI categories: consolidated (hard) and unconsolidated (soft). The addition of a mixed category allowed for the inclusion of amindurrkalarruwa within the comparative analysis (Figure 6).


[image: Map showing TEK data density around Groote Eylandt and Bickerton Island. Higher density areas are shaded in darker purple, while lower density areas are in lighter purple. Land is marked in gray. Key locations include Milyakburra, Alyangula, Angurugu, and Umbakumba. North is noted with a compass, and a scale shows distances in kilometers.]

FIGURE 4. Data density of Sea Country TEK collected through participatory mapping in the Groote Eylandt Indigenous Protected Area.



[image: Map of Groote Eylandt and Bickerton Island showing various TEK habitats. Each habitat is color-coded: mud/silt, patch reef, boulders, seagrasses, macro-algae, coarse sand, corals, oyster rocks, shelly sand, mangrove, intertidal rock platform, and land. Key locations like Alyangula, Angurugu, and Umbakumba are marked. A legend on the side indicates the habitat names with corresponding colors.]

FIGURE 5. Marine benthic habitat map of the Groote Eylandt Archipelago derived from Traditional Ecological Knowledge.



[image: Flowchart illustrating sub-tidal habitats categorized by substrate types: consolidated (hard) and unconsolidated (soft), subdivided into abiotic and biotic components. Hard substrates include "Mallarra" and "Yerrimilya" with "Boulders" and "Cnidaria: Corals" equivalents. Biotic hard substrate includes "Minimbaja" or "Macro-algae." Mixed category includes "Amindurrkalarruwa" or "Patch Reef." Soft substrates are "Amilyumilyinya" linked to "Mud/silt," "Yininyilya" to "Coarse Sand," "Yilyirriya" to "Shelly sand," and "Mawurrira" related to "Seagrasses: Strap-like leaves." Each term has a description in both traditional ecological knowledge (TEK) and Western science (WS).]

FIGURE 6. Comparative benthic habitat classifications of Anindilyakwa traditional ecological knowledge and standard western science CATAMI categories.



[image: Map showing Groote Eylandt and Bickerton Island with marked coastline points indicating agreement (in blue) and disagreement (in red) regarding WS/TEK Agreement. Locations such as Alyangula, Angurugu, and Umbakumba are labeled. A scale in kilometers is provided.]

FIGURE 7. Geographic spread of agreement and disagreement between Anindilyakwa benthic habitat types and western science observations.


A total of 137 in situ observations using a bathyscope were completed, and seven WS habitat classifications were observed (Figure 6). There was only one observation of the boulders class, and as such, this was not picked up in the k-means clusters and thus not included in the statistical analysis. Four habitat classes were identified as suitable for comparison between the TEK maps and WS observations. Overall, there was a higher level of agreement than disagreement between the two datasets with a kappa value of 0.46 (where -1 is completely dissimilar and +1 is exactly the same) and a balanced accuracy of 70–94%. The highest level of agreement was found in the yerrimilya (cnidaria: corals) category with a 100% match, the lowest level of agreement was within the most variable habitat type amindurrkalarruwa (patch reef) (Table 1). When plotted geographically, there was a higher level of agreement clustered around headlands and in closer proximity to the Umbakumba community (Figure 7).


TABLE 1. Four habitat class confusion matrix (numbers indicate the proportion of WS observations that were the same as TEK classifications, darker colors show higher level of agreement).

[image: Table comparing predicted TEK with observed WS classifications. Rows list Yerrimilya, Amindurrkalarruwa, Yiningilya/Yilyirriya, and Mawurrira. Columns are Cnidaria: Corals, Patch reef, Coarse sand, and Seagrasses. Values range from 0 to 1, indicating correspondence, with Yerrimilya highly matching Corals, and Mawurrira with Seagrasses.]


DISCUSSION

The importance of two-way knowledge sharing to support ecosystem management and conservation has been increasingly recognized (Barber et al., 2014; Stori et al., 2019). Participatory mapping is a widely used methodology for collation of TEK, for informing natural resource management (Mellado et al., 2014), and as a valuable tool for the collation of inherently place-based Indigenous knowledge (Robinson et al., 2016). This paper presents a replicable methodology suitable for documenting the TEK of the marine environment. It demonstrates a refined, step-wise process to ensure accuracy in the documenting of TEK, which respects the integrity of Indigenous knowledge systems.

Through the Anindilyakwa case study we provide insights regarding the practical application of the participatory mapping methodology in an Indigenous Australian Sea Country context, and demonstrate a small subset of the extensive TEK held by the Anindilyakwa people. The quantitative accuracy assessment continues to demonstrate the value of TEK as a valid source of scientific information when looked at through a WS lens.


Participatory Mapping as a Tool for ‘Right-Way’ Research

Historically, Indigenous people across the world have predominantly been the subject of unidirectional research (Johnson et al., 2007). However, global treaties such as the 1992 Convention on Biological Diversity and UNESCO’s 1999 Declaration on Science and the Use of Scientific Knowledge are attempting to redress the balance (Ens et al., 2015). Recent outputs from Australia such as the Reef 2050 report (Jarvis et al., 2019) and the Kimberley Indigenous Saltwater Science Project (Austin et al., 2018) have made it clear that scientists have an obligation to follow appropriate cultural protocols, work in partnership with TOs and underpin their research of the natural world with TEK. The PM methodology outlined here is one tool available for Sea Country researchers to utilize in order to effectively facilitate collaborative two-way research projects. We found the most important steps to be the pre-planning and development of a comprehensive consultation plan in order to respect the traditional governance of knowledge custodianship by ensuring we consulted with all the appropriate knowledge holders (Austin et al., 2018). Representativeness is different from TO and WS standpoints. This can go against standard WS practices of sample design whereby the optimal number of samples is the minimum required to get a representative selection of the study area (Chiarucci et al., 2008). Local context is important and, provided adjustments are made to reflect different cultural governance systems, this methodology can be replicated across other Indigenous communities both within Australia and internationally. In addition to benthic habitats, PM can capture a much wider set of knowledge such as species movement and distribution information, currents and oceanographic trends, cultural information and ecological processes. It is important to note, however, that this methodology may not be appropriate in other cultural contexts, for example where TOs have been displaced from Country.



Placing TEK Into a WS Construct

Participatory Mapping is an effective method for documenting aspects of place based cultural knowledge and values (Robinson et al., 2016). Mapping alone can result in the loss of much of the richness associated within TEK systems, as maps run the risk of oversimplifying extremely complex cultural understandings (Levine and Feinholz, 2015). For example, TEK provides extensive temporal understandings of ecosystems, particularly with regards to seasonal variations (Prober et al., 2011), moons and tides, and cultural insights. With more time and fine-tuned mapping questions, some of this complex knowledge could be mapped, for example ephemeral seagrass meadows or single species distributions could be mapped corresponding to the different Indigenous seasons. Even with more detailed mapping objectives, much of the intrinsic non-spatial Indigenous knowledge will still be omitted. This study attempted to include some of the non-spatial information through the addition of detailed notes within the GIS files produced, and accompanying storybooks shared with the community. However, accurately mapping the full range and complexity of TEK remains a challenge. Within the TEK system, as with WS-based ecology, no system is static and in an ideal world, maps would be regularly updated. Maps such as these are tools that are most powerful when they are used by Indigenous people themselves. As members of the intellectual community that generated the maps, they understand the context of the information conveyed. Knowledge holders can use this mapped information to plan and implement bicultural conservation management as part of their ongoing cultural and intellectual traditions as contemporary Indigenous Australian communities. The maps and other products generated by the Mapping Makarda project remain the property of an Indigenous organization which represents the TO participants. The outputs have already been used by the Rangers to inform a marine monitoring program, and it is hoped that they will continue to be utilized by current and future generations of Anindilyakwa people to look after their Sea Country in ways that are meaningful to them.

Attempting to fit the Anindilyakwa habitat classifications into the WS CATAMI classification system echoed the difficulties commonly encountered by ethno-scientists globally (Berkes, 2017). With fundamentally different worldviews, the way WS observes and describes environments is strikingly different from that of a TEK worldview. Often WS describes patterns whereas TEK tends to consider more complex processes or purposes within their terminology. For example the TEK classification of a Peruvian rainforest was far more detailed than the WS equivalent (Halme and Bodmer, 2007); in Tanzania, Maasai pastoralists were able to describe discrete environmental change that may have been undetected by WS (Mapinduzi et al., 2003); and in Southern India, the TEK classification system for plants was found to be more robust than the WS equivalent (Newmaster et al., 2007). However, in other international studies, the TEK mapped was lower in complexity than the WS approach (Teixeira et al., 2013). In this study, the most complex habitat class (Amindurrkalarruwa) did not fit into the CATAMI system and also was the most variable class when described by participants. Directly translated as “a little bit,” this was an ecological system characterized by its variability but known to be excellent for fishing and distinctive in its composition from other areas of Sea Country. The challenges of classifying benthic habitats in a uniform manner are not limited to data from different knowledge systems. Even within WS, habitat categories may not align over temporal datasets as technology improves and new levels of detail are discovered. For example, Ningaloo reef marine park planning utilized broad scale habitat maps derived from aerial photographs and expert knowledge (Bancroft, 2003). A decade later, highly detailed maps were generated using hyperspectral imagery (Kobryn et al., 2013). It is evident that, in some cases, TEK can provide a higher degree of complexity of knowledge but risks losing that same complexity if shoehorned into a WS classification system, and in other scenarios the opposite is true. Here, we found that attempting to merge the two classification systems led to a loss of important detail. Yet, for TEK to be understood by WS there needs to be some attempt to translate the information. We suggest, through displaying the two systems side by side, rather than combining them, TEK and WS can be treated as equal sources of different information and provide a more complete ecosystem story.



TEK as a Scientific Source of Information

Resource managers and scientists often question the scientific value of TEK (Levine and Feinholz, 2015). Here we have demonstrated that the PM of the TEK of the Anindilyakwa people, with regards to benthic habitats, reveals results consistent with other WS habitat mapping and modeling methodologies, and that the ‘accuracy’ of the TEK models are comparable to other scientific studies of benthic habitat mapping in turbid environments using advanced remote sensing methods (Gaida et al., 2019) and predictive modeling of deep water habitats (Hovey et al., 2012). There can be a WS viewpoint that qualitative maps derived from TEK are imprecise. However, there is substantial evidence from similar approaches that the results and spatial accuracy within a WS context from TEK mapping activities are consistent with WS methods (Teixeira et al., 2013; Cox et al., 2014).

Particularly in the context of regions where WS is scarce, the PM of TEK provides the means to obtain the best ecological information available in a format consistent with WS and natural resource management decision-makers. These results reflect similar findings from mapping the TEK of fishers in Brazil (Teixeira et al., 2013) and the Solomon Islands (Aswani and Lauer, 2006). Despite positive results from many similar studies, the requirement from the WS community for validation of TEK continues to exist, which could be considered disrespectful to the worth of TEK in its own right. However Gratani et al. (2011) illustrate that validation was found to be empowering for traditional knowledge holders. This sentiment was echoed by this project where we found that TOs were proud to have their knowledge put on an equal footing with scientific knowledge (something not many had encountered before), and reflected the respect they themselves held for both types of knowledge.

As with any scientific method, PM of TEK has limitations. Turbidity was an issue for traditional knowledge holders, just as it is for WS practitioners. One participant explained that when they cannot see the bottom they use a stick to distinguish areas that are hard or soft, with hard substrate preferable for fishing. As a result of colonization and the dispossession of lands, many elders do not have the ability to access their Sea Country regularly, and while this project encountered impressive recall, the detail and accuracy of TEK may be eroded over time if access remains a challenge. Mapping TEK will always be limited by a tradeoff between scale and accuracy. For example, there was an area of high disagreement between the TEK and WS validation in Umbakumba Bay where the TEK classification was mawurrira (seagrass) yet the WS classification was sand. Time on Country revealed there is a narrow band of seagrass close to shore which is abutted by a large sandy area. If the study had focused on a fine-scale area this disagreement would likely have been resolved.

Broadly speaking, the accuracy of the TEK map against the WS observations was high, with the lowest degree of agreement tied to the most variable habitat classification. However, the accuracy assessment was limited by the depth and range restrictions of the bathyscope observations. The breadth and accuracy of TEK is commonly higher in the shallow, near-shore environments most frequently visited by knowledge holders (Selgrath et al., 2016). As such, if we had been able to expand the WS observations, beyond the <5 m depth limits, to areas visited less regularly, the overall accuracy may have been lower. In this study, the areas most commonly mapped with TEK were the areas where remote sensing and hydro-acoustic mapping were most difficult. The combination of TEK with WS can therefore paint a more comprehensive picture of the marine environment. For example, in the Solomon Islands, Lauer and Aswani (2008) found the combination of TEK with satellite imagery not only generated enhanced benthic habitat maps, but also allowed the dissemination of important socio-ecological information.



Utility for Marine Management

In recent years in Australia, there has been an increased emphasis on Indigenous land and sea management, and joint management arrangements between Indigenous and non-Indigenous partners (Ross et al., 2009). Through these arrangements, Indigenous Rangers employ two-way knowledge practices for much of their work, using WS to support their cultural practices. Maps of TEK can provide a foundation to this new collaborative management approach through the identification of the bio-cultural systems considered important by the TOs of the Country where management is taking place. For example, Amindurrkalarruwa (patch reef) areas in Groote Eylandt were highlighted by TOs as particularly important areas for customary fishing and therefore might garner additional management interventions in the face of increasing environmental pressures. Importantly, the mapping of TEK can provide the information required to achieve the management of cultural objectives central to joint management plans (Ross et al., 2009).

The TEK maps produced by this study were used to inform the broader sample design for the Mapping Makarda fish diversity survey. In addition, they were also used, in conjunction with identification of culturally important species, to design a monitoring program for the ALC Land and Sea Rangers, with similar methods used for the same program in Bardi Jawi Country in Western Australia (Depczynski et al., 2019). TEK maps of benthic habitats proved to be an empowering and effective method for Indigenous Rangers to have full ownership over the resulting Sea Country monitoring program.



CONCLUSION

The Indigenous and western knowledge systems are inherently different, and by respecting both, observing them side-by-side, we can create a more powerful understanding of our natural world. Despite TEK being applied to marine and fisheries management in developing and data poor nations for over 50 years (Johannes, 1984), cross-cultural ecological research, particularly within the marine environment, has not yet reached its full potential (Gratani et al., 2011). Like any complex methodology, it requires thought, rigor and practice to get it right. Here we have outlined a robust methodology that enabled a collaborative Sea Country research project driven by the TEK of the Anindilyakwa people. Documenting the TEK of Sea Country using participatory mapping generated outputs that celebrated the rich bio-cultural knowledge of the Anindilyakwa people, while also creating a habitat map suitable for use within a WS framework. Through sharing the lessons learned and methodological considerations outlined, we mean to progress the journey toward a more inclusive, cross-cultural pathway for scientific enquiry.
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The Gulf of Nicoya is a large tropical estuary located on the Pacific coast of Costa Rica and accounts for the country’s main fish production. It is increasingly impacted not only by its fisheries, but also by urbanization, tourism developments, the input of pollutants from urban centers and agriculture activities in the catchment areas of large rivers entering the gulf. Similar to other coastal ecosystems, the gulf is particularly sensitive to short- and long-term changes in the climate, such as the precipitation rate, Sea Surface Temperature, wind speed and current regimes. While the gulf has been studied for decades, until now no attempt has been made to combine the analysis of the impacts of fishing and environmental changes on the ecosystem. By following a holistic approach that uses fisheries and environmental time series data from collaborative research and simulation models, this study aims at identifying the main drivers of the observed changes in the Gulf of Nicoya ecosystem. While the model simulations indicate that variations in the catch of some target species (e.g., cephalopods and shrimps) are mainly driven by the fisheries’ exploitation rates, several other species (e.g., corvina, snook, small pelagics, and crabs) are also substantially affected by climate variations, particularly during El Niño periods of high Sea Surface Temperature extremes and increased precipitation. During these periods, phytoplankton productivity and zooplankton biomass deceases with bottom–up effects on the entire food chain. Indicators of the environmental state of the system thus have to be considered along with regulations of the fishing pressure to form the basis for the development of appropriate management strategies.
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INTRODUCTION
Ecosystem food webs change over time either due to changes in natural predator-prey interactions, resource limitations and anthropogenic influences, or due to environmental influences that cause changes in the distribution, growth performance or survival rate of the species. Fishing as a major anthropogenic impact factor additionally greatly affects the population size of target species, their prey and predators and may even damage the species habitats (Jennings and Kaiser, 1998; Frederiksen et al., 2006). Although overfishing is known to have caused the decline and collapse of many fish stocks around the world, it can also alter the sensitivity of the ecosystem to natural environmental variations and reduce the ability to buffer the effects of extreme natural events or future climate change (Hidalgo et al., 2011). At the same time, the limits overfishing of sustainability critical threshold for fishing can be affected by environmental changes (Neira et al., 2009). Fishing induced changes in the biomass that occur at one trophic level affect the trophic levels above and below that level, causing trophic cascades throughout the system (e.g., Duarte and Garcıa, 2004; Andersen and Pedersen, 2009). Ecosystems are driven by the combined effect of varied influencing factors, that have to be identified and examined to understand the dynamics of the system. To assess the particular role of small-scale and industrial fisheries within the ecosystem multiple factors need to be evaluated. The historical development of the operating fishing fleets, the different gear types and target species, as well as the temporal distribution of the fishing effort are all important factors that need to be considered for a holistic assessment of the Gulf of Nicoya ecosystem and its changes over time. We assume that the historical and ongoing removal of large numbers of small pelagic species and the existence of a variety of small demersal species should have most likely shaped the ecosystem over the last decades (Alms and Wolff, 2019). This process, together with the fisheries-induced substantial reduction of shrimp biomass over the last two decades, might be particularly relevant since it may have greatly reduced system biomass and productivity in low and mid trophic levels, reducing the energy basis for higher trophic levels of the gulf (Duarte and Garcıa, 2004). Our previous research on the Gulf of Nicoya ecosystem (Wolff et al., 1998; Alms and Wolff, 2019) allowed us to describe the energy flow structure and biomass changes that have occurred in the system over a period of two decades. We attributed an important role in causing these changes to fisheries and were able to show that phytoplankton and zooplankton largely control higher trophic levels groups, such as benthos, shrimps, and small pelagic fishes, suggesting that bottom–up control mechanisms are crucial to the system.
Since in such environments changes in abiotic factors due to climate variations may directly affect the primary productivity, we further examine these bottom–up effects in this study. Additionally, we aim at exploring the possibility of mixed trophic interactions or wasp-waist control mechanisms within intermediate trophic level species that exercise both bottom–up control on their predators and top–down control on their prey (Cury et al., 2000).
According to the Food and Agriculture Organization (FAO), most inter-annual fluctuations in fish production in the Eastern Central Pacific Ocean (Fishing Area 77) result from abundance changes in mid-trophic level pelagic fish. These fish often assume a central role in marine ecosystems and influence both higher and lower trophic levels (Frederiksen et al., 2006). Duarte and Garcıa (2004), however, point out that this “wasp-waist” role of small pelagic fish that has been proven for temperate and subtropical upwelling regions may not remain valid for tropical and therefore less productive upwelling areas, a statement we would like to analyze for the Gulf of Nicoya.
Previous studies prove that the El Niño-Southern Oscillation (ENSO) cycle occurring in the Eastern Tropical Pacific Ocean (ETP) causes periodic variations in several environmental parameters, which temporarily change the coastal marine environment and its species composition (Fiedler, 2002; Tam et al., 2008; Taylor et al., 2008b; Wolff et al., 2012). In the southern Humboldt and southern Benguela upwelling systems, environmental variations and trophic interactions were found to be more important than the fisheries in causing variations in species abundance (Shannon et al., 2008). Atmospheric pressure and Sea Surface Temperature (SST) are the main indicators of El Niño events (National Oceanic and Atmospheric Administration, 2020a), although rain fall, wind and current patterns may also change dramatically (Wolff, 2010). On average, the atmospheric pressure is low in the Western Tropical Pacific and relatively high in the Eastern Tropical Pacific. Here, sea level Sea Surface Temperature (SST) greatly rises during El Nino events, concurrently with changes in other climatic parameters, such as wind direction, wind speed and precipitation rates (Ji et al., 2015). In the entire ETP region, climate impacts of the ENSO cycle are perceptible and in Costa Rica, strong effects of the ENSO cycle have been observed in the Gulf of Nicoya as well as in the Golfo Dulce, the second important gulf system of the Costa Rican Pacific coast (Quesada-Alpízar and Morales-Ramírez, 2004).
During the particularly strong El Niño phase in 1997/98, as well as during the ENSO phase in 2009, changes in the structure of the phytoplankton and zooplankton communities have been observed (Brugnoli-Olivera and Morales-Ramírez, 2008). The phytoplankton and primary productivity decreased in these years and lower densities of diatoms and dinoflagellates were reported in the Gulf of Nicoya (Brugnoli-Olivera and Morales-Ramírez, 2008; Calvo Vargas et al., 2014). This reduction of low trophic level biomass and productivity is then usually followed by a reduction in biomass of plankton, fish and seabirds, leading to severe consequences for the regional fishing sector and coastal communities (Lizano and Alfaro, 2004; Wolff et al., 2012) as their catch of pelagic species, coastal demersal species, shrimp, squid and other marine organisms (FAO) is affected. For an effective implementation of an ecosystem-based fisheries management in the region it is crucial to understand the response of the ecosystem to different fisheries in place and to the environmental drivers as a whole. This is based on the understanding of the biomass flows through the food web, starting at the lowest trophic level (Brugnoli-Olivera and Morales-Ramírez, 2008; Tam et al., 2008).
Accordingly, we used a routine adapted to specific time series using fisheries and environmental data for a period from 1995 to 2014 to elucidate the role of the fishing effort and abiotic factors in explaining observed changes. For this purpose, we used the open-source software Ecopath with Ecosim (EwE) and applied a hypothesis-based model fitting procedure, for which we considered time series of both inter-annual changes in fishing effort and fleet composition as well as the most relevant environmental factors (Sea Level Pressure, Sea Surface Temperature, Chlorophyll-a concentrations, wind direction and speed, precipitation rates, particulate inorganic and organic carbon concentrations and photosynthetically active radiation). A central question examined in our study is whether the observed system changes were driven by the exploitation patterns of fisheries or/and by environmental changes. The basis for this analysis was provided by two EwE “snapshot models” of the Gulf of Nicoya ecosystem for the years 1995 (Wolff et al., 1998) and 2015 (Alms and Wolff, 2019). We consider the identification of main drivers behind the observed changes as crucial requisites for the selection of appropriate management and conservation strategies of the gulf. Therefore, on the basis of the present research, future measures can be taken to sustainably improve the habitat of the Gulf of Nicoya.



MATERIALS AND METHODS


Description of the Study Site

The Gulf of Nicoya (10°N, 85°W) is an estuary influenced by the tides on the northwest Pacific coast of Costa Rica (Figure 1). The mangrove-fringed gulf extends from the mouth of the Tempisque River to the Pacific Ocean, with an area of 1530 km2. It is of considerable ecological importance due to its function as a feeding, reproduction and nursing site for many species, such as shrimps, sharks, small pelagic fish and seabirds. Due to its high productivity, the estuary is the country’s principal fishing ground for the artisanal fishing fleet on the one hand (Vargas, 1995) and for the semi-industrial fishing fleets on the other hand. In the inner shallow part of the Gulf of Nicoya, the small-scale artisanal fishing sector is of major economic and social importance (Trujillo et al., 2012; Lozano and Heinen, 2016). More than 20 coastal communities around the Gulf of Nicoya depend on the artisanal fishing sector, with rare options for alternative livelihoods (Proyecto Golfos, 2013).


[image: Map showing Central America, highlighting Costa Rica with its capital, San Jose. The inset focuses on the Gulf of Nicoya, showing locations like Nicoya Peninsula, Punta Morales, Puntarenas, and Tárcoles. Nearby Nicaragua, Panama, the Caribbean Sea, and the Pacific Ocean are labeled. Compass roses indicate orientation, and a scale bar is provided.]

FIGURE 1. Maps of the study area (Gulf of Nicoya, Costa Rica), modified from Alms and Wolff (2019).




Fisheries and Time-Series Data Used

The Gulf of Nicoya is the country’s main fishing ground. The present research is based on fisheries data of the artisanal and semi-industrial fishing sector.

Four artisanal fishing fleets with approximately 2000 licensed fishermen operate in the gulf with different boat sizes and gear types that target a variety of demersal and coastal species (BIOMARCC-SINAC-GIZ, 2013). Gillnets are prominently used and its usage further increased in the 2010s (Sánchez-Jiménez et al., 2019). Fishermen use small motorized boats (pangas). Catches are diverse but dominated by drums (Perciformes: Sciaenidae), catfishes (Siluriformes: Ariidae), snooks (Perciformes:Centropomidae), and different penaeid shrimp species. The line fleet uses bottom longlines and drifting longlines and operate bigger motorized boats (lanchas). Target species are sharks, barracuda, comber and others. Smaller non-motorized boats fish for drums, croakers and snook, using handlines in the inner shallow part of the gulf. Manual mollusk extraction is mostly carried out by the women of the coastal communities, combined with the manual trap fisheries targeting different crustaceans. The artisanal fleet provides around 55% of the total catch in the Gulf of Nicoya (in 2013).

Additionally, two semi-industrial fishing fleets operate in the gulf: shrimp trawlers and sardine purse-seiners. The purse seine vessels target small pelagic fish species in the intermediate and outer zones of the Gulf of Nicoya. The bottom trawl fleet targets several shrimp species, mostly in the outer gulf, however the capture of bycatch species drastically exceeds the shrimp catches.

Artisanal fisheries landing data of the Gulf of Nicoya on the one hand was obtained from the Costa Rican national landing statistics registered by the Instituto Costarricense de Pesca y Acuicultura (INCOPESCA). The time series data collected from 1994 to 2014 consists of monthly records of the main target species and groups (fish and invertebrates) fished and landed inside the Gulf of Nicoya, measured in kg. The catches were organized by fishing fleet and gear. The monthly catch data was then converted into tons per square kilometer of the entire area (1530 km2) per year. Fishing effort time series data were added to the model to realistically simulate changes in the fishing pressure over the last 20 years (1994–2014). Fishing effort data (days fishing and number of fishing trips) per fleet is available for the years prior to 2005. Thereafter, only combined fishing effort was available for both the artisanal and semi-industrial fleets. We then divided this effort for the artisanal and semi-industrial fleets using percentages estimated from previous years and current information about recent developments in the fishing fleets and fishing zones (INCOPESCA). Biomass estimates of all target groups were entered for the beginning and for the endpoint of the simulations (1993 and 2013) from the EwE reference models presented in Alms and Wolff (2019).



Environmental Forcing Functions

In order to account for possible environmental impacts on the different model compartments, time series data derived from satellite images were used for the simulations. The data was taken from the Sea-viewing Wide Field-of-view Sensor (SeaWIFS) project and the Moderate Resolution Imaging Spectroradiometer (MODIS) provided by the NASA (NASA Ocean Color). As a first approach to find significant environmental drivers, the most common marine climate factors were tested, i.e., daytime and night-time Sea Surface Temperature (°C), sea surface salinity (ppt), zonal wind speed (m s –1) and direction, tropical easterly trade wind speed (m s–1), and precipitation rates (mm). Additionally, specific ENSO related parameters were used, i.e., Eastern Equatorial Pacific Sea Level Pressure, SST in El Niño regions 1 + 2 and 3, 3.4 and 4 (National Oceanic and Atmospheric Administration, 2020a), as well as proxies for primary productivity, such as Chlorophyll a (Chla) concentrations (mg m–3), photosynthetically active radiation (Einstein m–2 day–1), dissolved organic matter (mg m–3), particulate organic matter (mg m–3) and high colored dissolved organic matter. The time series data were standardized by scaling the values to the (0.5,1.5) range, according to the following formula:

[image: The formula shows \( x' = \frac{( \text{max}' - \text{min}' )}{( \text{max} - \text{min} )} \times ( x - \text{max} ) + \text{max} \).]

whereas each time series value x was scaled according to the new maximum: max’ = 1.5 and new minimum value min’ = 0.5.



Hypothesis Testing and Model Selection

The EwE time series fitting routine was used to identify the model that matches the variation in the abundance of the functional groups with the historical catch time series data of the Gulf of Nicoya. For the choice of model procedure forcing data is needed to trace the biomass changes of the model compartments over time and reference data is necessary for comparison and validation of the models. In conclusion, three essential classes of ecosystem drivers were tested: anthropogenic factors (fishing, pollution), trophic control mechanisms (interactions) and the influence of the chemical and physical environment (climate).

Fishing effort (days fishing) and environmental time series data of the environmental parameters mentioned above were used to force model group catches and biomasses over time, whereas the recorded historic landings served as (observational) reference data for the catch. The effect of the forcing data on the goodness of model fit could then be observed in the resulting biomass and catch estimates. We used the predicted variations of environmental factors in the ETP related to future climate change as given by the IPCC (IPCC, 2007) and selected the predictions for South and Central America (Latin America) for two emission scenarios, namely the representative concentration pathways RCP4.5 (radiative forcing of 4.5 W m–2 by 2100) and RCP8.5 (radiative forcing > 8.5 W m–2 by 2100).

The vulnerability settings in the model represent the assumed trophic control mechanisms between functional groups (later trophic effects). While vulnerabilities can be set between 1 and 100, 2 is used as the default setting. At a low vulnerability setting (close to 1) an increasing predator biomass does not cause a substantial increase in the predation mortality of the prey (bottom–up control). On the contrary, at high vulnerability values (up to 100) an increasing predator biomass causes a similar increase in the predation mortality of the prey (top–down control). In the time series routine, the EwE software modifies the vulnerability parameter of the predator groups from its default 2 to find the setting which reduces the sum of square difference between the predicted and the observed data (Scott et al., 2016). The Stepwise Fitting Procedure for automated fitting as described by Scott et al. (2016) was used, allowing to test a high number of settings to find the best fit model. The routine tested for the most sensitive predator and predator-prey interactions. The search for vulnerability parameters set for the predator columns of the model resulted in better outcomes than by each prey/predator cell, thus only these results will be presented in the following. For the model fitting procedure 22 time series were used as a reference, thus a maximum of 22-1 = 21 vulnerability parameters were estimated. In the same manner, primary productivity (PP) anomalies can be estimated by the software. The software searches for an anomaly PP function to simulate potential bottom–up control mechanisms on the ecosystem. The time series data contained 19 years, thus 2–19 spline points could be calculated (Scott et al., 2016). For the model time series fitting procedure, the best practice is to use statistical hypotheses testing (Mackinson et al., 2009; Scott et al., 2016) that is based on ecological knowledge. Table 1 summarizes the scenarios selected. In general terms it was hypothesized that temporal changes in primary productivity due to regional oscillations in environmental conditions on one hand, and fishery induced changes in the trophic control of the food web on the other hand (through changes in the relative biomass contribution of the different fishing target species) both might have contributed to the observed temporal variation in the volume and composition of the catch.


TABLE 1. Hypothesis-based model fitting.

[image: Table showing five hypotheses related to biomass and fishing scenarios. Hypotheses discuss fishing effort, biomass proportions, primary productivity, and environmental parameters. Scenarios include fishing only, vulnerability search, primary production anomaly, and environmental time series. Columns detail biomass, fishing effort, trophic effects, primary production anomalies, and time series data.]The most representative model was selected based on the calculated sum of squares and the Akaike information criterion as an output of the Ecosim routine (AIC). The AIC was calculated as follows:

[image: Equation for the Akaike Information Criterion (AIC): AIC equals n times the logarithm of the minimum sum of squares divided by n, plus two times k, labeled as equation 1.]

Here, n is the number of observations (data points) being fitted and k is the number of parameters estimated (kmax = number of time series - 1), SS is the sum of square residuals and minSS is the calculated sum of squares.

To prevent overfitting and to select the most parsimonious model for the given data, the AIC is a good indicator to use, as it includes penalties for increasing the number of adjusted parameters. The AIC assumes that all data points are independent. Since this is not always the case with fisheries data, a conservative approach was chosen and the number of parameters (k – 1) was based on the number of time series instead of single data points. For small sample sizes it is recommended to use the AIC corrected for small sample sizes (AICc) and since the AICc converges to AIC as n increases, the AICc can be employed regardless of the sample size (Burnham and Anderson, 2004). The AICc is derived from the AIC as follows:

[image: A mathematical equation for AICc, representing the corrected Akaike Information Criterion: AICc equals AIC plus the fraction of two times k plus one over n minus k minus one.]

According to the protocol created by Burnham and Anderson, 2004, several additional measures associated with the AIC were calculated to improve model comparison:

The relative difference (Δi) in AICc compared to the best model (AICcmin)

[image: Δ₁ = AICcᵢ - AICcₘᵢₙ, Equation 3.]

the relative likelihood of the model having the best fit

[image: Relative likelihood is equal to the exponential of negative delta sub i divided by two, as shown in equation four.]

and the Akaike weights (Wi):

[image: Mathematical equation for weight w sub i is shown. The equation is w sub i equals the exponential of negative delta sub i over two, divided by the sum of exponential of negative delta sub i over two. Equation is labeled as number 5.]

where wi is a measure of the strength of evidence for each model, indicating the probability that the model is the most accurate one among the set of possible models.

The models were ranked by AICc and their relative difference was compared to the minimum AIC. In general, the model was selected that provided the lowest (most negative) AICc value, and models with fewer parameters were favored. However, to select the most representative model that conveniently explains variations in the data, several approaches can be followed. In this case, all models with an AIC difference Δi < 2 compared to the best model were considered. The favored models were selected based on the SS decreases, the number of estimated variables and the ability of the model to explain variations in the historical catch data. In order to compare the trends of the observed and predicted values, the data were visualized (see Figure 5). To validate the selection of the model, the model’s functional groups and their data availability (catch and effort data) were taken into account.



Uncertainty and Sensitivity Analysis

In order to examine the sensitivity of the results with regard to uncertainty of the input parameter values, Monte Carlo simulations were run for each scenario. Each trial (number of trials = 100) represents an Ecosim run with a randomly selected set of Ecopath parameters (B, P/B, EE, BA) for each group, within a distribution centered around the original values. The coefficient of variation of each parameter was selected according to the certainty of the input data set in the pedigree, defined by the quality of the data from estimates from low to high precision sampling (Heymans et al., 2016). The predicted biomass trajectories and the sum of squares of the best iteration runs were compared to the initial input data to detect changes in model behavior due to changes in the input data (Travers et al., 2010). These steps ensure an analysis of the data that is considerably less sensitive to errors.



RESULTS


Fisheries Data

Trends in the fishing effort and catch per unit effort of the artisanal and semi-industrial fleets are displayed in Figure 2.


[image: Three panels show fishing data from 1995 to 2015. Panel A displays catch in tons per year with fluctuating circular and triangular markers. Panel B shows effort in days fishing per year with scattered markers. Panel C depicts CPUE in kilograms per days fishing, with an increasing trend from 2005 to 2015 using circular and triangular markers.]

FIGURE 2. (A) Semi-industrial (filled triangles) and artisanal (circles) catches (t/year), (B) Semi-industrial (filled triangles) and artisanal (circles) fishing effort (days fishing/year), (C) Semi-industrial (filled triangles) and artisanal (circles) Catch per unit effort (CPUE) (kg/day fishing) for the years 1994–2014 (missing effort data 2006 and 2007) in the Gulf of Nicoya (Costa Rica).


It can be observed that the semi-industrial fishing effort increased until 2000, followed by a slight decline in the early 2000s and a further drastic decline after 2006 and 2007, resulting in an effort reduction of 65% in total. The artisanal fishing effort remained high until 2005, with some variations, and then declined drastically. Recent levels of fishing effort are reduced by 55% compared to 2005; also due to the seasonal fishing ban “veda” that lasts 3 months.

A peak of artisanal catches can be observed in the late 1990s, followed by decreasing catches.



Ecosim Simulations

The EwE time series simulations of the last two decades indicated that the fishing effort explains a large part of the variability in the catch and biomass data of some functional groups (Figure 2). The semi-industrial fleet’s effort improves the model of the target species shrimp and sardine, as well as of small demersal fish and crabs as bycatch species of the shrimp trawl fleet.

Since not all trends in the catch data can be explained by variations in the fishing effort of different fleets, the possible role of trophic effects was taken into account and the vulnerability settings of 11 different predator groups were changed from its default to simulate top–down and bottom–up effects (Table 2). This allowed for further improvement of the model fit and a reduction of the SS.


TABLE 2. Prey-predator interactions in the Gulf of Nicoya Model (scenario 2).

[image: Table showing predator-prey interactions with predator groups listed on the left and interactions categorized as bottom-up (B), top-down (T), or default (D) across columns 1 to 18. Each predator group shows varying interactions represented by B, T, or D in the table. The key indicates B as bottom-up, T as top-down, and D as default setting.]The assessment of the prey-predator interactions in the model of the Gulf of Nicoya provides important information on the food web structure of the system. The most representative vulnerability settings are displayed for each predator group, whereas bottom–up (B), top–down (T) interactions are indicated in Table 2. The top predatory fish species in the system, mackerel and barracuda as well as rays, sharks and cephalopods, are bottom–up controlled as well as the lower trophic level species, such as benthos, shrimps, and crabs. According to the modeling results, only few species exert top–down control on their prey, such as jacks and pompanos, lobster, seabirds and zooplankton. Mid-trophic-level species, small pelagics and small demersals are assumed to exert mixed control on their prey and predators.

Furthermore, some of the functional groups seemed to be further affected by inter-annual production anomalies. The consideration of these anomalies (scenarios 3 and 4) further improved the model (Figure 3). The best model was obtained by adjusting the trophic interactions and adding environmental forcing data (Scenario 5) related to changes in primary productivity. Moreover, adding Chla time series to the model, a proxy for the available amount of phytoplankton in the system, improved the model substantially. Together with changes in the vulnerability settings of 10 groups, the model (sum of squares) improved by as much as 69% (and showed the lowest AICc). Table 3 gives an additional overview of the factors that improve the model of each functional group.


[image: Two scatter plots labeled A and B show data points representing different Ecosim scenarios. The plots display the sum of squares against AICc. Data points are color-coded by scenario: Baseline (red), Fishing (green), V (light green), PP (purple), V+PP (blue), SLP (teal), V+Chla (pink). Plot A displays a dense cluster, primarily with blue points, while plot B shows fewer, widely spaced points, demonstrating distinct scenario groupings. Legends on the right specify color assignments.]

FIGURE 3. (A) Sum of squares and the corrected Akaike information criterion (AICc) of all tested models of each scenario and (B) number of estimated parameters (vulnerabilities and or spline points of primary production anomalies) of the ‘best models’ of each scenario.



TABLE 3. Catch time series: factors [fleet effort, trophic effects, primary production anomalies: Sea Level Pressure (SLP) and Chlorophyll a] that improve the model (reduce the sum of squares) of each functional group and the total improvement of the sum of squares for all groups for each factor analyzed.

[image: Table displaying various functional groups, fishing efforts, trophic effects, and primary production (PP) anomalies. Functional groups include cephalopods to small pelagics. Fishing efforts range from gillnets to longline. Trophic effects are marked with an X for some groups. PP anomalies are noted as SLP or Chlₐ, with a total reduction model showing values of negative 24.91, negative 18.52, and negative 69.30, with a range of negative 60.56.]The variations of the physical environment in the Gulf of Nicoya linked to the ENSO cycle were represented in the model by the Eastern Equatorial Sea Level Pressure (SLP) time series, leading to substantial improvement of the model. Changing the vulnerability setting of once again 10 groups resulted in the most representative model and a 60% reduction of the SS (as well as low AICc values) (Figure 3).

Figure 4 elucidates the relation between phytoplankton productivity (Chla as proxy), the SLP and the ENSO cycle. This shows that there is a negative relationship between the East Equatorial Sea Level Pressure and the El Niño phenomenon. El Niño years are associated with negative anomalies in Sea Level Pressure (SLP), e.g., in the years 2002 and 2009. A pronounced positive peak in the SLP in 1999 can be associated with a strong La Niña event, the counterpart of El Niño. Positive SST anomalies occur during episodes of El Niño (e.g., 2002, 2009). Maximum Chla concentrations coincide with La Niña episodes (2005, 2012).


[image: Line graph showing anomalies over time from 1998 to 2014. Three lines in red, green, and blue show fluctuating values between 0 and 2.0 along the vertical y-axis labeled "Anomaly." The horizontal x-axis is labeled "Year." Each line represents different data trends, intersecting multiple times.]

FIGURE 4. Environmental time series 1997–2014: anomalies of Sea Surface Temperature (SST) (red line), Chlorophyll a concentration (green line) and the Sea Level Pressure (blue line) in the Equatorial Eastern Pacific Ocean associated with the El Niño-Southern Oscillation cycle.



[image: Nine line graphs show observed catches and model predictions for different marine species from 1995 to 2010. Species include Rays & Sharks, Large Corvina & Snook, Morays & Eel, Jacks & Pompanos, Cephalopods, Lobster, Small Demersals, Small Pelagics, Crabs, and Shrimps. Each graph features data points and model lines in black, green, and blue, indicating fluctuations over time. The y-axis measures catch weight in kilograms per year per square kilometer.]

FIGURE 5. Yearly catches (filled circles) and model predictions for the simulated EwE scenarios: fishing effort (black line); fishing effort, trophic effects and Sea Level Pressure forcing phytoplankton productivity (blue line); fishing effort, trophic effects and Chlorophyll a concentrations forcing phytoplankton productivity (green line).


In Figure 5 the two Ecosim model scenarios and the baseline scenario are presented together with the catch reference time series-data for the 10 selected functional groups. The baseline scenario includes solely the fishing effort and the two best fitted scenarios include either Sea Level Pressure or Chla concentrations. Both time series can be used seperately to force phytoplankton productivity, improving the overall model fit. For several functional groups the model’s predictions of the catch are relatively close to the observational data. Especially for important target groups (shrimps and small pelagics) the model can predict changes in the catches. For some other groups, such as rays and sharks, catches for some years are above or below the predicted values. The results show that some functional groups (e.g., lobster, small demersals, small pelagics, and shrimps) are more affected by the environmental factors than others and can be predicted best by scenarios including phytoplankton forcing. Table 4 provides the related sum of square (residual sum of squares, regression sum of squares and total sum of squares) values for each target group and scenario presented in Figure 5.


TABLE 4. Calculated sum of squares: residual sum of squares (SSE), regression sum of squares (SSR), and total sum of squares (TSS) for the model’s predictions of the selected scenarios and important target groups compared to the reference catch data.

[image: A table comparing SSE, SSR, and TSS values for different species under three scenarios: fishing effort, trophic effect and SLP, and trophic effects and Chla. The lowest values, indicating the best model fit, are highlighted in bold. Species include cephalopods, crabs, jacks and pompanos, large corvina and snook, lobster, morays and eel, rays and sharks, shrimps, small demersals, and small pelagics.]


DISCUSSION


Combined Ecosystem Effect

The aim of the present study was to identify factors influencing the changes observed in the Gulf of Nicoya ecosystem over the past two decades, and to understand how these factors control the energy flows in the system (bottom–up, top–down or mixed/wasp waist control). We hypothesized that a combination of several drivers might affect the ecosystem and may decrease its natural resilience toward future environmental changes (Côté and Darling, 2010). As it has been shown in previous studies, ecosystem parameters calculated from Ecopath models can be used as indicators of the status of the ecosystem (Wolff et al., 2012; Heymans et al., 2014). Accordingly, fisheries and/or climate impacts on the ecosystem should result in changes in the sensitive system state indicators.

The officially registered overall fishing effort in the Gulf of Nicoya declined drastically since the early 2000s. On the one hand, the reduction is due to the implementation of the seasonal fishing ban “veda” in the inner Gulf of Nicoya, which has directly reduced the yearly effort since 2006 by approximately 60%. On the other hand, the shrimp fishing fleet reduced its capacities due to a lack of resources and the expiration of licenses. In 2013 shrimp trawling was declared unconstitutional in Costa Rica and no further licenses were said to be granted in the future. The last remaining shrimp licenses expired in 2018 and 2019.

Although the overall fishing effort decreased, the CPUE of the artisanal and semi-industrial fleet increased compared to the early 1990s, despite the heavy exploitation of the resources. However, gear improvements changed the relation between the CPUE and the actual abundance of species and tend to mask the trends of the species exploitation status (Arreguın-Sánchez et al., 2002; Ward and Myers, 2005). Illegal fishing gear improvements, i.e., toward Taiwanese lines and smaller gillnet mesh sizes might have allowed increasing catches per unit effort. These changes in the fishing fleet have most likely increased the overall efficiency of the fishing gear and the catchability of certain target resources.

We come to the conclusion (Table 3) that both the semi-industrial and artisanal (gillnet) fleet negatively influence the distribution of some target species (e.g., cephalopods, rays, and sharks). However the negative impact on the major target species is dominated by the shrimp trawl fleet, which negatively influences its target species as well as its bycatch species and by the semi-industrial sardine fleet. The artisanal handline fleet does not appear to have a relevant influence on any target species. The manual mollusk extraction is a very selective harvesting method, however the removal of piangua (Anadara tuberculosa, Arcoida: Arcida) drastically increased in the last decade and exceeded sustainable levels.

The evaluation of the trophic effects of the most representative models helped to investigate the most relevant control mechanisms between predators and their prey (Table 2). As seen in Table 3, the top predatory fish species in the system as well as cephalopods are bottom–up controlled by their prey. The same force applies to lower trophic level groups, such as benthos, shrimps and crabs. According to our analysis, only few species exert top–down control on their prey, such as jacks and pompanos, lobster, seabirds and zooplankton. It seems that mid-trophic-level species exert wasp-waist control on their prey and predators. This is in agreement with findings of Griffiths et al. (2013) and Roux et al. (2013). As has been found in these studies, the mid-trophic levels are only represented by few species, such as plankton feeding small pelagic fish.

Our analysis confirms these findings for the Gulf of Nicoya ecosystem and highlights the importance of the mid-trophic level species, which are heavily exploited by both semi-industrial fisheries (small pelagics) and artisanal fleets (small demersals). The observed decline of these species did not only have ecological, economic and social consequences (Alms and Wolff, 2019; Queiros et al., 2019), but may also lead to unfavorable and irreversible shifts in the ecosystem. This has been observed in other ecosystems, namely through the expansion of jellyfish (Roux et al., 2013) or may lead to the decrease of predatory species, such as fish, seabirds, and mammals (e.g., Crawford and Shelton, 1978; Pichegru et al., 2010).

The modeling approach we applied in our study clearly showed that the variations in the catch cannot solely be explained by variations in fishing pressure. Similar results have been found in other systems, such as the Southern Benguela system (Shannon et al., 2008).

Adding environmental data related to the primary productivity of the system to the simulations considerably increased the reliability of the model.

Especially primary producers are strongly influenced by the environmental conditions through changes in nutrient or light availability (through wind, current, or upwelling pattern changes) and growth conditions (if in situ temperatures changes) (Hays et al., 2005). Since changes in phytoplankton productivity are closely related to zooplankton abundance (Runge, 1988, FAO), e.g., bottom–up force through the entire food chain can be the consequence. For the analysis of the effects of inter-annual environmental variations on the ecosystems in the ETP region, the El Niño–Southern Oscillation (ENSO) cycle needs to be considered, which is known to be a major factor of climate variability in the Eastern Tropical Pacific with global impact. It is anticipated that ENSO will potentially modify in frequency and intensity due to global climate change (Collins et al., 2010; Cai et al., 2014).

In our study, the Chla concentration appeared to be the most relevant of tested environmental drivers. It is a proxy for the amount of plankton in the water column, which directly affects the bottom of the food chain. Increasing phytoplankton availability enhances zooplankton growth, resulting in higher availability of prey for low trophic level species foraging on zooplankton. The associated increased production will then cascade through the entire food web.

On the contrary, a reduced primary production will lead to a lack of foraging success of species in higher trophic levels. Changes in the vertical and horizontal distribution of the plankton could also cause changes in the spatial distribution of foraging fish with effect on their predators and fishery through an alteration in catchability. Our results indicate that particularly the lower trophic level groups, such as small demersal- and small pelagic fish benefit from increased phytoplankton availability. Since catches of predatory fish species, such as rays, sharks, mackerel and barracuda, as well as the catches of lobster also positively benefit from high Chla concentrations, this could be due to a bottom–up effect due to increased prey availability of these groups. Plankton feeding fish are known to aggregate closer to the coast due to food concentration in these areas. Foraging fish follow their prey and likewise occur closer to the coast. Thus, the catchability of certain fish species increases for the coastal fisheries.

Furthermore, other abiotic factors of the marine environment (e.g., wind direction and speed, light availability) can directly influence higher trophic levels of the system, for instance by affecting larval dispersal and the productivity of certain species (Runge, 1988).

The environmental indicator that led to the most representative model was the East Equatorial Sea Level Pressure (SLP), which is negatively related to the El Niño phenomenon (Figure 4). At high SLP (La Niña events), a lower SST can be observed (station ElNiño4) as well as stronger winds and upwelling, and lower precipitation rates. As we expected a negative impact of El Niño on the catches, the East Equatorial SLP as the inverse of SST anomalies proved to be a good measure. In the Eastern Pacific, the ENSO cycle is known to alter the oceanographic condition in the area and to affect a variety of marine communities (National Oceanic and Atmospheric Administration, 2020b). Ah it has been observed in the upwelling regions of the Humboldt Current system, small pelagic fish biomass decrease during strong El Niño years and the total fisheries production declined up to 50% (Wolff et al., 2003, 2012; Taylor et al., 2008a).

Our study reveals that several species in the Gulf of Nicoya are influenced by these large-scale environmental conditions associated with the ENSO cycle. We specifically observed that variations in the catches of functional groups (large drums and snook, crabs and morays and eels) are related to the ENSO cycle.

At higher temperatures during El Niño events some species in the Gulf of Nicoya migrate further out of the gulf into cooler oceanic waters while others, i.e., small pelagic fish (sardine), aggregate close to the beaches at the Pacific coast of Costa Rica. Similar aggregation patterns of small pelagic fish can be observed in other regions (Gutierrez et al., 2007). A shallow and more pronounced thermocline can therefore limit the vertical distribution of certain pelagic species and may increase their catchability in the upper water column (Bigelow et al., 2002). Warm water masses can also cause other species to move offshore into deeper and cooler waters, reducing their catchability.

According to the FAO, most of the inter-annual fluctuations in total fish production in the Eastern Central Pacific (Fishing Area 77) are due to changes in the abundance of small pelagic fish (FAO), that play a central role in this and many other marine ecosystems (Frederiksen et al., 2006; Shannon et al., 2008). ENSO related changes in water properties (e.g., heavy rains washing nutrients into the gulf or calm periods leading to enhanced water stratification and oxygen deficiency) might also increase the frequency of toxic algae blooms that have previously been observed in the Gulf of Nicoya, and eventually cause fish mass mortalities in the Gulf of Nicoya (Vargas-Montero and Freer, 2004).

The findings of our study suggests that there are multiple factors that impact the ecosystem, besides the exploitation by the semi-industrial fishing fleets. Environmental forcing plays an important role in the explanation of species biomass variabilities, especially in relation to the ENSO cycle, together with bottom–up effects, due to fluctuations in primary productivity. Furthermore, mid-trophic level species, such as small pelagic fish, have a pivotal role in the food web of the Gulf of Nicoya.



Uncertainty and Sensitivity Analysis

Although we reported a substantial reduction of the officially reported fishing effort in the gulf, it can be assumed that unreported catches, fishing without licenses and fishing during the closed season have occurred during the observational period. These unreported fishing activities cannot be quantified and are thus not part of the study.

The Ecopath models have been carefully validated with a prescribed balancing routine of Link (2010). The balancing process of the models has been described in Alms and Wolff (2019). Wee adhered to the suggestions of best-practice in Ecopath with Ecosim food-web models for ecosystem-based management by Heymans et al. (2016). Adding data to the model such as model drivers and reference data sets using the Ecosim tools helped to further validate the quality and accuracy of the created static Ecopath model. The model was additionally calibrated with historical fishing datasets and the comparison of the model predictions to reference data allowed for the validation of the model performance (Heymans et al., 2016). The calculated EwE Pedigree Index of 0.29, based on the confidence intervals of all input parameters, indicated that the model’s level of precision is in the intermediate to the upper range, compared to other published Ecopath models worldwide (Morissette, 2007). We believe that the AICc is a good measure for validation of the selected model. We followed the recommendation to adapt the AIC for small sample sizes (Burnham and Anderson, 2004).

The aim was to provide a holistic modeling approach, in the sense looking at combined effects influencing the species biomass variations. We covered trophic effects, the effects of fishing, the most prominent climate variables, and physical and chemical factors (also as proxy for pollution). However, the selection of factors was limited by the availability of time-series data and not every single possible parameter could be tested. Some factors, such as human disturbances, sedimentation, solid waste pollution and agricultural pollution, could not be assessed. For future research it would be useful to incorporate social-ecological interactions into the model.



Management Outlook and Implications

The present study lead to the conclusion that fisheries management policies entirely based on fisheries information only, with no consideration of the influence of environmental factors is not sufficient for the development of a holistic management strategy. Both fishing regulations and environmental monitoring needs to go hand in hand. We found that the shrimp trawl fleet predominately affects the distribution of important target species. Thus the advised fishing ban and the expiration of licenses concerning the trawler can be seen as a promising management measure. The sardine purse-seine fleet needs to be seen critically as we could highlight the importance of small pelagic fish to the ecosystem and their susceptibility to climate change. The impact of the artisanal fleet is minor compared to the semi-industrial fleet. However the gillnet fleet using small mesh sizes can be potentially harmful for a sustainable fisheries. To reduce illegal fishing activities stronger control mechanisms and rigor enforcement are needed. Furthermore, the manual mollusk extraction needs to be limited, as yearly around 8 million individuals are harvested from the Gulf of Nicoya (SINAC, 2019).

Environmental monitoring needs to be considered and combined with fisheries assessment studies, due to the considerable influence of these factors on the entire trophic system as well as their social-economic impacts. A regular monitoring programme for the Gulf of Nicoya is necessary to track changes in primary production, and phytoplankton community composition in the Gulf of Nicoya, that may be driven by both increased coastal pollution and environmental change. To apply appropriate management measures, a forecasting approach is needed (Clark et al., 2001) that takes into account knowledge of the current and predicted ecosystem structure and functioning (Valette-Silver and Scavia, 2003).

Our study may be used as a reference to further assess the regional impacts of future climate variations and extreme events in an ecosystem already altered by the fisheries. In the Gulf of Nicoya, like in other tropical environments, we need to consider the effects of increasing temperatures, as stated by Cheung et al. (2013) and Palomares and Pauly (2019). In contrast to colder regions, no species adapted for warm regions will be available to replace species that are displaced by the high temperature thus there will most likely be a temperature-driven loss of species in these areas.

Of particular relevance for future management scenarios are regional changes that have been predicted by the Intergovernmental Panel on Climate Change (IPCC) until the year 2100. According to the IPCC the Gross Primary Productivity is expected to decrease, mainly due to an increase in Colored Dissolved Organic Matter (CDOM), which absorbs a fraction of the Photosynthetically Active Radiation (PAR) (Thrane et al., 2014; Wolf and Heuschele, 2018). One can thus expect that Chla concentrations decrease in the Gulf of Nicoya and that phytoplankton composition, quantity and distribution will change. In addition, mangrove coverage is expected to further decrease due to sea level rise and changes in salinity (Ward et al., 2016). While mangroves only account for an estimate of 1% of the gulf’s primary production (Wolff et al., 1998), they contribute to the system’s productivity in the Gulf of Nicoya by providing organic matter and protected areas, enhancing fish and invertebrate productivity (Wolff et al., 1998). Considering the predicted decrease in primary productivity, it seems necessary for a sustainable ecosystem management to adapt the volume of fishery catches to potentially lower overall resource productivity.

Furthermore, there is a high uncertainty concerning the future dynamics of the ENSO cycle. The frequency and intensity of El Niño events is likely to be altered by climate change, however it is unknown to what extent (e.g.,Collins et al., 2010; Cai et al., 2014). As our simulations suggest, catch and biomass fluctuations in the Gulf of Nicoya are linked to ENSO related variations in the Equatorial Pacific Sea Level Pressure, and a constant monitoring of the regional ENSO impact is thus imperative.

As we have suggested previously (Alms and Wolff, 2019), it is crucial to think of measures to sustain primary productivity and to protect keystone groups, benthos and shrimps in the Gulf of Nicoya, but also adequately manage the mid-trophic level species such as small pelagic and small demersal fish. It is known that in the gulf, like in other coastal areas and estuaries with high abiotic variability (Heymans et al., 2014), these groups are central for ecosystem functioning and need to be prioritized in future management plans. In addition to adequate fisheries regulation, possible measures for improving the overall management of the Gulf of Nicoya could be the improvement of wastewater management and treatment and solid waste disposal plans. For the conservation of the coastal marine environment the further protection and restoration of mangroves is an important issue that needs to be further pursued (SINAC, 2019).

Furthermore our models can be used to directly engage stakeholders in the management plans, as it has been attempted by Sánchez-Jiménez et al. (2019). The EwE software was used as an interactive communication tool with artisanal fishers in the Gulf of Nicoya, to facilitate discussions on changes in the fishing ecosystem over time.
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Marine and coastal activities are closely interrelated, and conflicts among different sectors can undermine management and conservation objectives. Governance systems for fisheries, power generation, irrigation, aquaculture, marine biodiversity conservation, and other coastal and maritime activities are typically organized to manage conflicts within sectors, rather than across them. Based on the discussions around eight case studies presented at a workshop held in Brest in June 2019, this paper explores institutional approaches to move beyond managing conflicts within a sector. We primarily focus on cases where the groups and sectors involved are heterogeneous in terms of: the jurisdiction they fall under; their objectives; and the way they value ecosystem services. The paper first presents a synthesis of frameworks for understanding and managing cross-sectoral governance conflicts, drawing from social and natural sciences. We highlight commonalities but also conceptual differences across disciplines to address these issues. We then propose a novel analytical framework which we used to evaluate the eight case studies. Based on the main lessons learned from case studies, we then discuss the feasibility and key determinants of stakeholder collaboration as well as compensation and incentive schemes. The discussion concludes with future research needs to support policy development and inform integrated institutional regimes that consider the diversity of stakeholder interests and the potential benefits of cross-sectoral coordination.

Keywords: trade-offs, ecosystem management, ecosystem services, cross-sectoral coordination, marine governance, multi-jurisdictional conflicts, institutions, environmental policy


INTRODUCTION
Human activities can have severe negative impacts on marine and coastal ecosystems, leading to loss of biodiversity and degradation of ecosystem services (Millennium Ecosystem Assessment [MEA], 2005). Competing uses by multiple sectors of interconnected ecosystem components that span multiple jurisdictional boundaries and ecological structures generate cross-sectoral externalities (i.e., side effects on other parties) that can impede attainment of conservation objectives (Rice, 2011). Governance systems for fisheries, power generation, irrigation, aquaculture, marine biodiversity conservation, and other coastal and maritime activities are generally organized to manage conflicts within sectors, but not across sectors (Crowder et al., 2006; Stephenson et al., 2019). Cross-sectoral conflicts typically involve heterogeneous stakeholder groups with different value systems, conflicting aims and views of the management problem, different objectives or priorities, different knowledge bases, and disagreement regarding the allocation of the costs and benefits associated with proposed solutions (Adams et al., 2003; Crowder et al., 2006; Redpath et al., 2013). These conflicts1 are often society-wide problems, and therefore, the goal of governance regimes addressing them cannot focus solely on a particular group of resource users. Rather, solutions need to mitigate cross-sectoral externalities2, involving both use and non-use values, while addressing environmental objectives. In addition, these governance conflicts are not necessarily limited to spatial conflicts, but can relate to tradeoffs and fundamentally different perceptions of resource values among diverse user groups.
Stephenson et al. (2019) identified the main deficiencies often encountered in sector-based governance systems when they face cross-sectoral conflicts: (1) management of diverse, interacting sectors falls under the jurisdiction of different authorities using different approaches and concepts; (2) diverse sectors have different objectives and values, and management fails to account for the full range of ecological, economic, social, and institutional dimensions that are essential for formulating successful resource management strategies; (3) explicitly identified and agreed upon objectives are lacking, which leads to the absence of evaluation of tradeoffs (or potential synergies), among objectives and across sectors, and of cumulative effects of all interacting activities, and a lack of mechanisms in place to facilitate or implement cross-sectoral coordination. Understanding how cross-jurisdictional governance systems may emerge from such situations is important in order to durably address these conflicts (Rice, 2011).
The paper discusses the results of a workshop on marine and coastal governance conflicts at the interface of multiple sectors and jurisdictions. The workshop, held in Brest France in 2019, brought together a group of 20 scholars from different disciplines to evaluate what environmental and societal factors lead to such governance conflicts and to identify policy alternatives that can better align management and stakeholders incentives to provide lasting resolution of the conflicts. Workshop participants reviewed eight case studies covering different types of cross-sectoral conflicting interactions including conflicts between fisheries and terrestrial human activities, and conflicts between fisheries and marine mammal conservation. Frameworks for evaluating and solving these types of governance conflicts were reviewed and a common analytical framework for comparing the case studies was developed. The final sessions were focused on the discussion of common themes across the case studies and identification of solutions and implementation pathways.
The remainder of paper is organized as follows. We first review the evaluation and solution frameworks discussed in the workshop and describe a novel analytical framework developed in the workshop to facilitate comparison and evaluation of the cases studies. We then summarize the case studies and apply the analytical framework to them, tabulating the characteristics of the conflicts and attempts or proposals to resolve them. Next we discuss general insights generated by review of the cases as well as the broader literature that relates to them including: the feasibility and key determinants of stakeholder collaboration; the debate over compensation and incentive schemes; and a look ahead and emerging issues associated with intensifying anthropogenic pressure on ocean ecosystems. Finally we summarize the main conclusions of the workshop and identify future research needs.



MATERIALS AND METHODS

In our analysis, we identified two broad types of frameworks for addressing cross-sectoral conflicts. First, there are evaluative frameworks that are helpful for understanding why cross-sectoral conflicts arise and what is stopping the solutions from happening. Both the Social-Ecological System (SES) framework developed by Ostrom (2007, 2009) and the transaction cost economics approaches developed by Coase (1960) and Williamson (1996, 2000) provide some insights into those questions. Notably, Ostrom and Williamson both won the Nobel Prize in the same year because their approaches were seen as complementary (Earl and Potts, 2011), and both build on the work of Coase. Second, there are frameworks oriented toward solving the problems (Pikitch et al., 2004; Armitage et al., 2008; Douvere, 2008; Stephenson et al., 2019). While these problem-solving frameworks need to be integrated with evaluation frameworks, they adopt a more practical standpoint to design durable institutions and implement effective collaborative governance. Problem-solving frameworks and many of the key concepts they build upon relate to the multi-disciplinary literature inspired by “Ostrom-type” approaches and to “Coasean-bargaining” approaches that allow for explicit exchange across sectors to compensate parties who expect to be made worse off. Below we present a synthesis of conceptual frameworks for evaluating and resolving cross-sectoral governance conflicts. We then describe a novel analytical framework which draws from these conceptual frameworks that we apply to the case studies to facilitate a comparison of the conflicts and solutions (or possible solutions).


Evaluative Frameworks

Evaluative frameworks are focused on understanding what environmental and societal factors lead to cross-sectoral conflicts and identifying the key heterogeneities (in stakeholders, the biophysical system, and institutions) that are barriers to resolving problems. A meticulous evaluation of the problems to be solved is a critical step providing information that will make it possible to generate appropriate solutions.

The SES framework proposed by Ostrom (2007, 2009) to analyze socio-ecological systems identifies four main components – the resource system, the resource units, the actors, and the governance system – that are inextricably linked. Interactions among these four components are affected by the broader social, economic, and political context. It is a multi-level, nested framework that organizes relevant variables for synthesizing the main features of each subsystem and evaluating the sustainability of complex systems. Ostrom’s perspective is an interdisciplinary, descriptive approach that incorporates the efforts of many scholars that studied the resilience (Berkes et al., 2000), robustness (Anderies et al., 2004), and vulnerability (Eakin and Luers, 2006) of SESs.

The SES framework stresses the importance of the rules governing natural resources and the critical role of stakeholders. For instance, enforcement mechanisms depend on trust and reciprocity between stakeholders. The framework also emphasizes the importance of considering nested institutions. In a nested environment, there is an overarching set of institutions within which the subsystem institutions operate. Institutions operating at the higher level may define how rules can be changed in the lower level, and subsystems may affect the broader institutional environment within which they operate. In settings where issues are geographically contained, access to the resource is limited, and a time horizon is not too long, spontaneous, organic solutions derived from “the bottom-up” by resource users may arise. Nested institutions may increase transactions costs3 of negotiated or cooperatively derived solutions because of friction, power imbalance, clashes of culture, etc.

The literature that follows Ostrom’s work has built upon her design principles for local-scale common-pool system (Ostrom, 1990) to address multi-level, multi-layered commons arrangements, including global commons such as the open ocean beyond national jurisdictions (Dietz et al., 2003; Stern, 2011; Fleischman et al., 2014). As in the classic definition of common pool resources, two key characteristics of the conflicts considered in this literature are: (1) excluding other potential users of the ecosystem is problematic and costly, and (2) the rivalrous nature of resource use, which decreases availability to other users. In the more recent literature, there have been many applications of the SES framework to understanding conflicts in large-scale commons – e.g., Epstein et al. (2014) on the international governance of Atlantic Bluefin Tuna; Evans et al. (2014) on the governance of the Great Barrier Reef; Villamayor-Tomas et al. (2014) on the governance of pollution problems in the Rhine River in Europe. While this body of work has addressed the issues of multi-resource access and sharing, the issue of high transactions costs remains a potential obstacle to resolving conflicts.

The transaction cost framework developed by Williamson(1979; 1996; 2000) is useful to determine the source of friction that prevents one sector from negotiating with others, and what prevents solutions from emerging. The transaction cost framework suggests that cooperation is more likely when the transaction costs for seeking mutually advantageous policy agreements, bargaining over the distribution of the costs and benefits of those agreements, and monitoring and enforcing the resulting policy measures, are lower. In studies of environmental governance and public policy using a transaction cost framework, transaction costs are often considered as a source of inefficiency (e.g., waste of time, effort in conflict and litigation…) to be minimized4. However, transaction costs may also help explain the choice of institutional arrangements, as stakeholders and authorities prefer policies with lower transactions costs. Transaction costs are heterogeneous across institutional arrangements and depend on the adequacy of their coordination mechanism (more or less autonomy, more or less coordination) and the characteristics of the transactions. Sources of transaction costs are often non-monetary but they can be observed, which makes transaction costs theory useful to determine the best adapted form of organization to address a collective action problem (Libecap, 1994, 2014). Important factors that increase the transaction costs of addressing cross-sectoral externalities and reduce the likelihood of collective action are: scientific uncertainty regarding mitigation benefits and costs; varying preferences and perceptions across heterogeneous populations; asymmetric information5; and anticipation of non-compliance with agreement rules (Libecap, 2014). Multiple, differing governance and cost identification frameworks employed by intersecting agencies, further complicate the management of cross-sectoral conflicts.

Without collective action to address cross-sectoral common-pool resource6 externalities or public good7 provisioning problems, the constraints sectors impose on one another go unaddressed, increasing transaction costs and decreasing the opportunities for collaboration or agreement. For example, even if fungible property rights exist within sectors, they are usually not tradable across sectors, therefore opportunities to bargain over resource access are stymied. A transaction cost framework is useful to empirically analyze systems and determine why a particular action was chosen and whether it worked or did not work. Conflicts often emerge when one party perceives that they are going to be made worse off and that they will not be compensated in some manner. In a transaction cost framework, bargaining among parties typically leads to some compensation for those who are going to be made worse off (see Coasean-bargaining approach described below). But this is typically not easily achieved in a cross-sectoral context. Likewise, the game-theoretic literature on coalitions in fisheries points out that, even if cooperation among all players is expected to increase aggregate benefits greatly, there is a substantial incentive for the largest players to deviate from a cooperative solution unless side payments between players are feasible (Arnason et al., 2000; Bailey et al., 2010). Moreover, prospect theory (Kahneman and Tversky, 1979) suggests that losses are seen more negatively than similar volumes of benefits are seen as positive, which means that the overall volume of benefits (including potential compensations) may need to increase, if there is redistribution among stakeholders.



Problem-Solving Frameworks

While evaluative frameworks are essential to define and characterize the challenges posed by cross-sectoral conflicts, they do not necessarily identify solutions. The literature that has evolved from evaluative frameworks includes a body of work focused on designing effective governance systems and making multiscale governance institutions durable. Traditional top-down regulation does not facilitate negotiation or collaboration among the parties to adjust behavior in a way that would be effective to address environmental goals (Ostrom, 2005). This is particularly true when activities are regulated under different jurisdictions. Top-down regulation typically does not provide economic incentives toward solving the common-pool resource problem and is not well suited to address dynamic factors such as climate change and shifting political agendas. Moreover, top-down regulations are associated with high transaction costs. In what follows, we consider two complementary problem solving-oriented approaches which emerge from the literature above, which we label “Ostrom-type” and “Coasean bargaining,” and then proceed to summarize key considerations in problem-solving frameworks. These approaches are not mutually exclusive but differ in their emphasis on the tools used to resolve the conflicts – e.g., collaborative governance and bottom-up development of use rules (Ostrom) vs. bargaining and exchange and a focus on reducing transactions costs (Coase).


Ostrom-Type Approach

An Ostrom-type approach for implementing durable institutions in SESs relies on eight design principles for collective action (Ostrom, 1990) and on the many lessons learned from the variety of cases studied over the years (including Agrawal, 2001; Berkes, 2009; Cox et al., 2010; Cinner et al., 2013). The approach begins with communities conceptualizing their world and acknowledging power dynamics (at least implicitly), and aims to fully account for system dynamics and feedbacks. The approach includes delegating regulatory authority to user groups within a setting typically characterized by limited entry, shared views, long-term commitments, proportionate distribution of costs and benefits. The resources, the community of resource users, and collective-choice rules are clearly defined.

In an Ostrom-type approach, the processes of negotiation and setting up agreements that determine the rights and responsibilities of the involved parties are intended to reduce conflicts. The reduction of conflicts is important to ensure that individuals are willing to invest in creating appropriate institutions (Ostrom, 1990). When a crisis that imperils the resource and their users arises, the user groups need to agree on the problem and on taking action for the collective interest. This can be a difficult and time consuming task that necessitates sacrifices by the users (Rowland, 2005). The ability to modify rules as the need arises is considered essential for being able to adapt management and ensure resource sustainability (Ostrom, 1990). In cross-sectoral conflicts that go beyond simple allocation of resource use, some governing body or process is likely to be needed to facilitate and oversee a solution to the conflict, though it may emerge from the bottom up rather than being imposed by the state.



Coasean Bargaining Approach

An economic solution to solving resource use conflicts, often associated with Coase (1960), emphasizes the importance of the allocation of property rights and the central role of bargaining between groups of users. Traditional, top-down approaches (e.g., “polluter pays” approach) may not be effective when there are multiple sectors (and multiple parties within sectors), multiple governing authorities providing regulation and funding, and multiple political jurisdictions. In such cases, there may not be a shared view and common objectives for resource use allocation among users, and an Ostrom-type approach might be impeded by excessive transaction costs. Collaboration can be improved by a better comprehension of stakeholder behavior and Coasean bargaining in the presence of high transaction costs (Coase, 1960). A Coasean approach in which people can expect to have a claim on long-term benefits structured by a regulatory mandate and exchange some sort of property rights among sectors does not necessarily require a shared vision of the problem and solutions across sectors (Rhoads and Shogren, 2003). Finding a way to make some sort of exchange across sectors possible could be the key to reaching a solution where nobody’s welfare is made worse off (a Pareto improvement) while advancing protection of an ecosystem or species.

A Coasean, bargaining-based solution could involve exchange of regulatory benefits, rather than exchange of traditional property rights or monetary side-payments. Sectors and government agencies may negotiate the structure of regulatory mandates such that regulatory obligations/costs are not uniform across sectors. For example, a sector may agree to take some action (e.g., make habitat improvements) in exchange for a reduction in regulatory requirements (e.g., an increase in allowable pollutant discharge for the sector). A competing sector may agree to this arrangement if the expected benefits to it, from the other sector’s action, are greater than the costs of the reduced regulatory requirements. Creation of property rights in some form (e.g., legally or socially supported claims to streams of benefits over time) can make systems durable as they enable Coasean bargaining, making the systems more dynamic and self-adjusting to exogenous shocks as opposed to top-down regulations.

Coasean, bargaining-based frameworks sometimes suggest compensating parties for refraining from taking action that may harm other parties. This type of compensation might be controversial (see discussion of this issue below). However, compensation may cost less than alternative options to achieve environmental goals, especially when there may be a lot of opposition and high transaction costs.



Combining the Approaches

Both Ostrom-type and Coasean bargaining approaches delegate more responsibilities to stakeholders than traditional regulatory approaches. In fisheries, management regimes can involve both Ostrom and Coasean approaches. Individual transferable quotas (ITQs), essentially giving fishers a property right over part of a total allowable catch, are often considered Coasean solutions (Tresch, 2015; Libecap, 2016). However, in many cases, all externalities are not resolved by ITQs. For example, even if fishers were allocated individual rights, they have formed cooperatives as a way to find a cost-effective solution to deal with certain environmental problems such as bycatch (Holland, 2018). Forming a cooperative (which can be considered an Ostrom-type approach) can dramatically reduce the transaction costs of coming to a solution and allow implementing a solution in an effective way. In that case, the two approaches have been effectively combined to address ecosystem protection issues and include non-use values (Holland, 2018). However, the majority of efforts to operationalize these approaches usually display either one or the other, and rarely both, as demonstrated in the following case studies.



Operationalizing Problem-Solving Frameworks

Problem-solving frameworks that utilize one or the other of these approaches to address coastal and marine governance conflicts include ecosystem-based management (Pikitch et al., 2004), adaptive co-management (Armitage et al., 2008; Butler et al., 2015), integrated management (Stephenson et al., 2019), collaborative governance (Emerson and Nabatchi, 2015), marine spatial planning (Douvere, 2008), and others. These are somewhat distinct in their operational implementation, but all tend to consider that the various ocean uses are interconnected and that they should be managed jointly. Each of these problem-solving frameworks uses concepts and principles from multiple approaches described above, and the ultimate goal is to have durable institutions that are able to sustain human activities and achieve environmental objectives. Stephenson et al. (2019) list the following nine key features for the successful implementation of integrated management of coastal and marine activities: (1) recognition of the need for integrated management; (2) a shared vision by stakeholders and decision-makers for integrated management; (3) appropriate legal and institutional frameworks for coordinated decision-making; (4) sufficient and effective processes for stakeholder engagement and participation; (5) a common and comprehensive set of operational objectives; (6) explicit consideration of trade-offs and cumulative impacts; (7) flexibility to adapt to changing conditions; (8) processes for ongoing review and refinement; and (9) effective resourcing, capacity, leadership and tools. All of which can be utilized to examine the extent to which problem-solving frameworks both achieve resolution of the resource issue and a durable governance system to address environmental and human objectives.



A Common Framework for Evaluating Case Studies

Based on the key elements of conflicts and solutions identified during the workshop, and bridging the different evaluative and problem-solving frameworks that were assessed, a common analytical framework was developed and applied to the case studies. This novel framework (Table 1) is an output of the workshop and reflects workshop participants’ consensual perspectives on important elements to consider in evaluating cross-sectoral conflicts. Table 1 details how the different elements of the framework relate to the evaluative and problem-solving frameworks presented above. Brief summaries of case studies are presented in the next section. The full case studies are available in Supplementary Material. The subsequent discussion sections were developed based on the main lessons learned from case studies and cross-cutting discussions that were held at the workshop.


TABLE 1. Common framework for evaluating case studies.

[image: A table with three columns: "Case study element," "Evaluation feature," and "Link with evaluative and problem-solving frameworks." It details elements like "Resources and users," "Externalities," and others, with evaluation features such as stakeholder participation and conflict identification. References are provided to link evaluation features with frameworks by Ostrom, Libecap, Williamson, and Stephenson et al., focusing on variables, governance, and transaction cost frameworks.]


CASE STUDY SUMMARIES


Case Study 1: Moray Firth Seal Management Plan

The Moray Firth in north-east Scotland has Special Areas of Conservation (SACs) established for three marine protected species (harbor seal Phoca vitulina, Atlantic salmon Salmo salar, and bottlenose dolphin Tursiops truncatus). The conflict centers around the balance between the conservation of harbor seals and Atlantic salmon − both protected but with one that preys on the other, although the impact of predation at the population level was largely unknown due to a lack of objective scientific information. Consequently, views held by stakeholders about seal predation were polarized (Butler et al., 2011).

The Scottish Government issued a Conservation Order in 2002 that prohibited the killing of harbor seals, driven by declining numbers of harbor seals, the potential consequence of a Phocine Distemper Virus outbreak, and a bounty scheme whereby District Salmon Fishery Boards (DSFBs) were paying marksmen for shooting unlimited numbers of seals. With declining catches of salmon, and the imperative to protect salmon SACs, a bottom-up process triggered by salmon fishery stakeholders emerged in 2002 which aimed to balance seal and salmon conservation. The DSFBs and Scottish Natural Heritage, the Sea Mammal Research Unit (SMRU) and the Moray Firth Partnership (a forum representing local wildlife tourism operators, conservation groups and marine fishery interests) collaborated to develop the Moray Firth Seal Management Plan (MFSMP) to resolve the conflict between seal conservation and salmon fisheries. The MFSMP allowed for a collective annual application from the DSFBs to the Scottish Government to shoot a limited number of individual seals most likely to be impacting on fisheries in confined Management Areas, away from seal pupping sites and marine tourism centers (Butler et al., 2008; Graham et al., 2011).

A number of conditions enabled the successful negotiation and implementation of the MFSMP (Young et al., 2012). The first was a local “champion” − a scientist employed by the Spey DSFB, with a background in wildlife conflict resolution and salmon management (Young et al., 2016). His facilitation enabled the integration of all relevant stakeholders on an equal footing and resulted in the MFSMP being endorsed by all stakeholders involved. The second was the involvement of the Scottish Government, which created a crisis point (in the form of the Conservation Order), resourced the process of developing the MFSMP, and endorsed any agreements reached, thereby legitimizing the outcomes. The last condition, and one that has not been fully resolved, is the provision of adequate financial and local institutional support to ensure long-term implementation of the plan. Although local DSFBs have appointed a staff member to collate seal-shooting information and to submit the annual application, this has been insufficient to fund stakeholder coordination and interaction, and hence knowledge exchange, learning and innovation has dissipated since the MFSMP’s early years.

Longitudinal evaluation indicates that relative to 2004 the MFSMP has shifted from community-led adaptive co-management to government-led and instructive management (Butler et al., 2015): annual seal shooting license applications are approved by the Scottish Government but local stakeholder engagement has declined. The intervention of a new animal welfare stakeholder in recent years has caused a further crisis point for the system. This may have the catalytic effect of restoring collaborative governance, since the original aims of the MFSMP are being challenged, upsetting the status quo.



Case Study 2: Salmon Management Institutions in the Columbia River Basin

Many salmonid populations in the Columbia River Basin are at historically low levels and are listed either as threatened or endangered under the US Endangered Species Act (ESA). Major dams, which are used for power production, flood control, navigation, and irrigation, are impeding upstream and downstream migration of adult and juvenile salmonids, respectively, and blocking access to potential spawning habitats. Dam operators are tasked with optimizing multi-use operations while assuring economical and reliable power supply to the public as well as compliance with the ESA. Salmon conservation is also potentially conflicting with human harvest and with the protection of marine mammals (pinnipeds and imperiled southern resident killer whales) that prey on salmon (Chasco et al., 2017). Because salmon face a multitude of threats whose impacts are not fully understood, stakeholder groups tend to point to threats they themselves are not associated with. For example, fishers and tribes who want more salmon point to dams and habitat destruction; irrigators, loggers, and other river users allege overfishing; and all use sectors also blame predation by marine mammals and birds, while non-use sectors criticize impactful human activities.

Hundreds of millions of dollars are spent annually on salmon habitat restoration (Northwest Power and Conservation Council [NPCC], 2020). Other conservation actions that have also been widely implemented include barging of juvenile salmon, installation of screens and bypass improvements at dams, managing dam spills and flow operations for fish, wild stock supplementation via conservation hatcheries, and leasing water rights to enhance in-stream flow (McKean and Johnson, 2019; Northwest Power and Conservation Council [NPCC], 2020). Despite these efforts, salmon populations remain in peril. Improved coordination could lead to taking other, potentially more cost-effective types of action that have not been broadly implemented, such as breaching major dams, government-supervised culling of pinniped predators, and eliminating harvest supplementation hatcheries (McKean and Johnson, 2019). Implementation of these potential solutions is generally impeded by competing stakeholder interests and entrenched interests arising from management institutions (Hanna, 2008). Improved coordination could also reduce litigation and uncertainty associated with litigation, which would benefit to stakeholders involved in ongoing legal battles. The courts play a critical role in ensuring actions to promote recovery continue but they generally do not prescribe particular recovery actions.

With potentially less favorable climate-driven environmental conditions in the future (both in freshwater and ocean environments), it is unlikely that salmon populations will meaningfully recover without considerably reducing human impacts on salmon and their habitats, returning rivers to more natural states, and addressing predator control issues (McKean and Johnson, 2019). The fact that externalities occur across different ecosystem goods (water users impact salmon production, marine mammal conservation impacts salmon survival, salmon users impact killer whale conservation which rely on salmon for prey), biomes (ocean, estuary, rivers), and across jurisdictional boundaries (multiple States, multiple sectors, multiple species) is likely to increase the transaction costs of collective action because of scientific uncertainty about externality costs, diverging preferences across parties, information asymmetry, and anticipation of non-compliance. In addition, the conflicts involve both use and non-use sectors so that solutions need to consider the important cultural values that salmon and killer whales hold in the region. This constrains the range of possible solutions as there is no straightforward way for use and non-use sectors to bargain to reduce externality losses.



Case Study 3: International Whaling Commission

The International Whaling Commission (IWC) was established 75 years ago to manage commercial harvesting of whales. Initial stakeholders were representatives of commercial whaling operations. Given today’s growing range of threats that far surpass mortality from direct hunts, the IWC now has a much broader range of issues and stakeholders (Wright et al., 2016). The emerging threats to whales are externalities from sectors that are not part of the regular IWC stakeholder groups: fishing; underwater drilling and extraction; shipping noise and emissions, and other ocean pollution (plastics) (Lent, 2015). These externalities are rarely if ever internalized into production and consumption decisions, although regulatory processes might require impact analyses on marine mammals.

Improved coordination can lead to pareto superior exchanges with losses to impacted stakeholders offset by other stakeholders willing to pay for the improvements to the marine ecosystem, such as the ECHO program8 in Vancouver BC. Marine mammal entanglement in fishing gear can lead to gear losses and therefore operators share interest in avoiding bycatch. Ecolabels can incentivize fishery stakeholders to reduce marine mammal bycatch (Lent and Squires, 2017). Examples include the Marine Stewardship Council labeling and the US Marine Mammal Protection Act (MMPA) import rule9. Processes for coordination must be created and nurtured. For example, development of marine mammal bycatch guidelines at the FAO Committee on Fisheries was possible due to support from key countries, IWC and other intergovernmental and non-governmental organizations, which provided the funding and the expertise to partner with FAO to get this work agreed and completed. The IWC engages with the International Maritime Organization to provide scientific and technical information geared at reducing shipping vessel speeds, noise, and emissions.

The IWC is slowly developing social media and other communication efforts in order to increase awareness of its efforts to constructively address all impediments to recovery of whale stocks and to demonstrate its ability to implement a holistic approach to its mandate through cross-institutional, cross-sectoral cooperation (International Whaling Commission, 2018). It is only through concerted efforts at cross-institutional collaboration that there can at least be an understanding of the different stakeholders’ and institutions’ objectives and values. An important impediment to more integrated management systems is the lack of complete data and understanding of population-level impacts for marine mammals. Small-scale coastal gillnet fisheries collect very little data on whale bycatch and even less is known about their population-level impacts (Temple et al., 2018). The Indian Ocean Tuna Commission estimates that 40% of the harvests under that organization is taken by gillnets, yet bycatch data collection through logbooks, observers and other means lags far behind.

Benefits to marine mammals are often non-market in nature (Wallmo and Lew, 2011), while the costs to the sector imposing the externalities are monetary and easier to estimate. For example, the increased costs to fishery operators of using rope-less gear in a pot fishery are well documented, however generating an estimate of the benefits of lower rates of marine mammal injury and mortality is extremely difficult. The IWC provides unique insights into the challenges facing an international institution whose ability to adapt over the years to changes in the global governance framework and environmental context may be critical to meeting its objectives.



Case Study 4: Management of Natural and Reared Salmon Stocks in the Baltic Sea

There are very strong natural salmon stocks in the northernmost part of Baltic Sea, and their overall production is around 70% of the total salmon production in the Baltic Sea (ICES, 2020), while it was less than 10% in 1980’s. The successful management of these stocks has a big impact on the whole Baltic Sea fishing (Romakkaniemi et al., 2003). The main stakeholder groups include professional off-shore and coastal fishers, and recreational river fishers. The tourism industry along the river valleys is another important player, as it is estimated that the total value of one landed salmon in river areas is much higher than in sea fishing, where the value is around 20 − 60 € for a commercial fisher. Nature conservation organizations have been active in contributing to the policy to safeguard the stocks.

In the sea, the value of the fishery is linearly linked to stocks and thereby on catches. However, for river fishing, the mechanism seems to be that the catch per unit effort must be high enough to incentivize participation in the fishery during the best river fishing season (June-August). The conflict with recovering populations of seals has been suggested by stock assessment models (Mäntyniemi et al., 2012). Now there seems to be a balance in the seal stocks and hunting is allowed by applying a quota, but technically the hunting is very difficult and the quotas are not taken. There is some evidence that gray seals gather in the river-mouths at the time when smolts leave the river and the impact on salmon stocks may be high.

Historically, the reason for poor river catches has always been claimed to be the off-shore and coastal fisheries, and the poor coastal catches have been said to be due to the off-shore fishing, etc. At the time when reared stocks were the majority of mixed stocks (up to 90 %), overfishing was not an economic risk, but now state of the stocks is different (ICES, 2020). By improving the natural recruitment, the current management system has shown its power. Historically, a key management action was an establishment of a stepwise opening of coastal fishery from south to the north in Finnish coastal waters which ensured a certain proportion of migrating spawning stock to enter the spawning rivers. This helped both Swedish and Finnish stocks, even though the political will to do something was entirely based on the Finnish fisheries minister alone. The same coastal management system is still applied in Finland and it can be seen as a biomass-independent management of fishing mortality. In all EU fisheries management the key objective is to reach maximum sustainable yield (MSY). In the case of salmon, this means that smolt production must be about 75% of the maximum (ICES, 2020).

Individual transferable quotas systems have been applied in many Baltic Sea countries. In Finland, the system was suggested by scientists a long time ago (Mickwitz and Pruuki, 1993), and both scientists and nature conservation NGOs demanded that the trade of the quota should be made possible between the different fisheries, especially river-based and at-sea fisheries. However, in the last steps of political decision-making, this option was removed from a new legislation, most likely to preserve employment in commercial fisheries.



Case Study 5: Interactions Between Seals and Commercial Fishing in Ireland

In Ireland, it is illegal to hunt or injure seals up to 12 nautical miles offshore without ministerial permission. Recent surveys in Ireland show increasing gray seal (Halichoerus grypus) and harbor seal (Phoca vitulina) populations (Cosgrove et al., 2016), and both species are considered to be of Least Concern (low risk of extinction) by the International Union for Conservation of Nature.

The gray seal is the primary species interacting with commercial inshore set net fisheries. A 2010 questionnaire to fishers suggests depredation10 rates of 20 – 30% across gill, tangle and trammel net fisheries (Cosgrove et al., 2015). Recent research showed that averages of 18% of Pollack (Pollachius pollachius), 10% of hake (Merluccius merluccius), and 59% of monkfish (Lophius piscatorius) landings were depredated by seals, and these proportions have substantially increased since the 1990’s (Cosgrove et al., 2015). Total loss of landings could be over 50% in both the pollack and hake fisheries, with an estimated value of €1.7 m, when the fish entirely removed from nets were taken into account. This has led to a clear conflict in interests between the fishing industry and conservation sector, particularly environmental NGOs (Cronin et al., 2016). Responsibility for seal conservation and seal/fishery interactions also involve two different government departments. The goods and services involved are principally the provisioning services from the fishery (very important in rural west Ireland), and cultural services (existence value) of the seals. The fishers want seal populations being controlled. The environmental NGOs want the populations to continue recovery from their historic lows after hunting was banned. Those responsible for conservation in the government aim to comply with national and international legislation, which broadly stipulates a stable or growing population.

Can improved coordination help here? Probably not. Legislation prevents the culling of seals, advocated by fisher’s groups. The environmental NGOs are also concerned about seal bycatch in the fisheries. The best improvement would be to try to reduce depredation by the seals. Smart fishing techniques could help, such as shorter gear deployments, working gear in relation to tidal currents, and faster hauling speeds (Cosgrove et al., 2015). Acoustic seal deterrent devices have potential too. Some coordination to help both sides understand the other’s views would be useful. In terms of power dynamics, neither party is particularly powerful politically, and struggles to get their points of view considered by national authorities.

There are conflicting objectives for fishers and environmental NGOs. Fishers are mainly concerned by loss of income and operational difficulties (Cosgrove et al., 2015). The NGOs promote seal conservation and protection. Thus fishers are primarily concerned with monetary values, and NGO concerns are principally non-monetary. There are no processes in place for evaluating tradeoffs and synergies, and cross-sectoral coordination mechanisms are lacking. An ad hoc group was established some years ago to bring the parties together, but this was unofficial and had no direct mandate. It was successful in the task of getting each side to understand the position of the others. It ceased to operate in recent years with the loss of some key members. The current position is not particularly durable or resilient. The depredation issue emerges periodically in the press or parliamentary questions but is quickly forgotten. None of the mitigation solutions have gone beyond the pilot phase. Lack of a single authority responsible on this subject is also likely an issue.



Case Study 6: Water Supply and Salmon in California’s Central Valley

The Central Valley of California, on the Pacific coast of the United States, has long been the setting for conflicts over the allocation of scarce freshwater resources between irrigated agriculture and habitat for Chinook salmon (Oncorhynchus tshawytscha). Farms in the Central Valley produced over $US 50 billion in 2017. Irrigation water is an important constraint to agricultural production and can induce significant economic and social impacts during severe or prolonged droughts (Speir et al., 2015; Lund et al., 2018). The Central Valley is also home to Chinook salmon, anadromous fish that spend most of their adult lives in the ocean, then return to their natal rivers to spawn. Juveniles rear in freshwater, then emigrate to the ocean. Freshwater habitat degradation has led to long-term declines in fish populations and an increasingly large body of evidence shows that instream flow conditions are a primary driver (Michel et al., 2015; Perry et al., 2018; Michel, 2019; Friedman et al., 2019; Henderson et al., 2019).

Water supply in the Central Valley is a highly engineered system managed by multiple federal, state, and local agencies. Direct management of dams, reservoirs, and canals is done by the Federal Bureau of Reclamation (USBR) and the California State Department of Water Resources (DWR). Species protection is overseen by two federal agencies, the National Oceanic and Atmospheric Administration Fisheries Service (NOAA fisheries) and the US Fish and Wildlife Service (USFWS), and a state agency, the California Department of Fish and Wildlife (CDFW). Delivery of water to agricultural users is done by local irrigation districts. Water supply operations are subject to the ESA because some Chinook salmon and other fish are listed as endangered. The ESA requires federal agencies to ensure that actions they fund, authorize, or carry out are not likely to “jeopardize” a species or “destroy or adversely modify” critical habitat. USBR must consult with federal wildlife agencies, which then produce a “biological opinion” describing how listed species are affected and prescribing operational rules for minimizing harm to listed species.

There is a history of institutions that coordinate among stakeholders and attempt to develop water policy in the basin. CALFED was a partnership of federal, state, and interest group organizations created in 1994 after several consecutive drought years with a mandate to find collaborative solutions in four areas: water quality, water supply, levee stability, and ecosystem restoration. However, fish populations and water quality continued to decline and CALFED dissolved in 2007 (Kallis et al., 2009; Lurie, 2011; Dutterer and Margerum, 2015). By 2013, a new governance body, the Delta Stewardship Council, was established to facilitate stakeholder involvement and implement policy. There is some potential for improved coordination between sectors. For example, rice farmers have coordinated with state and national wildlife agencies and NGOs to create floodplain habitat (Katz et al., 2017). However, conflicts often play out in the form of interest group politics and litigation.



Case Study 7: St. Croix River Alewife Restoration

The St. Croix River, which forms part of the international border between Maine, United States and New Brunswick, Canada, once supported large runs of anadromous alewife (Alosa pseudoharengus). Alewife migrations were interrupted by dams that spanned the full river beginning about 1830, and populations were further impacted negatively by deteriorating water quality due to logging and industrial development. Attempts to facilitate recovery of this native species, which was effectively extirpated from much of its range due to human activity, have been complicated by different values placed on ecosystem services (Table 2) and by complex jurisdictions (Willis, 2009; Barber, 2018).


TABLE 2. Views of major stakeholders regarding St. Croix River alewife recovery issues.

[image: Table showing major stakeholders and their positions on alewife recovery. Indigenous Peoples and NGOs see alewives as critical to ecosystems. Businesses value dams for industry. The Canadian government views alewives as a native species needing habitat return. The Maine government faces conflicting objectives between alewife recovery and bass fishing. Bass fishing guides argue against alewife restoration due to negative impacts on bass productivity.]Prior to 1980, fishways on the four major dams that span the St. Croix River were either absent or ineffective. Completion of a new fishway at the lower dam in 1981 resulted in a resurgence of the alewife population in the St. Croix system, but this coincided with a drastic decline of smallmouth bass in upper lakes, which had become the basis for an active sport fishing guide sector. In response to a strong lobby from bass fishing guides, the State of Maine enacted emergency legislation to close fishways on the US side to migrating alewives. The Government of Canada consistently called for the St. Croix River to be opened to alewife passage and began trucking alewives upstream (around the closed dams) to spawn.

Saint Croix activities are governed by State/Province and Federal United States/Canada departments. There are many issues (including fisheries, recreation, industry) and several jurisdictions (including Governments of Canada, New Brunswick, United States, Maine, the Passamaquoddy people and communities). There has been no single, agreed governance structure within which this issue could be resolved. As an international boundary, the St. Croix has a bi-national Board under the auspices of the International Joint Commission which has no direct authority related to alewives, but has provided a forum for synthesis and cross-boundary discussion aimed at preventing or reducing transboundary conflict. An ad hoc cross-jurisdictional group has worked to promote alewife recovery by dispelling the concern that alewife recovery is detrimental to bass, getting consistency in management across jurisdictions, and improving fish passage at dams.



Case Study 8: Depredation by Toothed Whales in French Antarctic Toothfish Fishery

Depredation of the very valuable Patagonian toothfish (Dissostichus eleginoides) by sperm whales (Physeter macrocephalus) and killer whales (Orcinus orca) is generating conflicts between the French longline vessels operating in French Antarctic territories and conservation objectives for marine mammals (Guinet et al., 2015; Tixier et al., 2015). Depredation often results in socio-economic impacts, biological impacts on targeted fishes and on depredating species, but also in ecosystem impacts. In addition, sperm and killer whales are iconic protected species that have important non-use value for environmentalists and the public.

This fishery is the only commercial activity in this area and is constituted of a concentrated fleet of seven industrial vessels. At the international level, the main stakeholder involved is the Commission for the Conservation of Antarctic Marine Living Resources, which sets conservation measures that determine the use of marine living resources in the Antarctic, based on the best available scientific information. The French Government is in charge of managing the fishery. Stakeholders include scientists, environmental NGOs, and the fishing industry. Conservation objectives require minimizing depredation-type interactions by non-lethal measures, such as implementation of vessel avoidance strategies and/or development of catch protection systems (Tixier et al., 2015). Current coordination between stakeholders and sectors exists and is substantial. Several research programs are co-funded by the industry, in collaboration with the regional administration (Terres Australes et Antarctiques Francaises); depredation is taken into account in toothfish stock assessments; and the funding provided by the selling of fishing rights related to toothfish fishing are used, among other things, to support scientific activities and monitoring of authorized fisheries. Thus, at least implicitly, there is a cross-sectoral allocation mechanism.

In general, there is a political will to maintain the coordination among stakeholders. The Marine Stewardship Council certification scheme of the fishery provides an important driver for shared objectives and demonstrates that the fishing industry can be involved in biodiversity preservation (Des Clers et al., 2018). While coordination is advanced compared to other fisheries, there is still a lack of knowledge regarding the overall impact of depredation on the toothfish stock and the associated marine ecosystem. And although the conservation objectives are relatively well understood by the fishing industry, it is hard to say that protecting the whale populations is a shared objective.

To date, the distributional impacts of whale conservation are rather unknown. The governance system in place could allow for adaptive co-management, providing rapid feedbacks on the outcomes of depredation mitigation actions (Guinet et al., 2015). Proposed solutions to mitigate depredation also include a possible diversification of target species for the current toothfish fishery (Tixier et al., 2015). Key aspects to investigate further – that will help proposing effective solutions to the depredation issue – include evaluations of the non-monetary benefits of conservation, the overall ecosystem impact of depredation, and the sensibility / dependency of the fishing industry to depredation.



RESULTS − APPLYING THE COMMON ANALYTICAL FRAMEWORK

In this section, we review a series of eight illustrative case studies that were evaluated using the analytical framework introduced in Table 1 to tabulate the key characteristics of the conflicts and solutions (or potential solutions). The case studies have been briefly presented in the previous section and additional descriptions are provided in Supplementary Material. This common framework aims to characterize the: conflicts (Table 3); distributional effects and power dynamics (Table 4); coordination mechanisms (Table 5); stakeholder objectives and processes for evaluating trade-offs (Table 6); solutions implemented (Table 7); and, the governance challenges and opportunities (Table 8).


TABLE 3. Case studies – conflict characterization.

[image: Table detailing various case studies involving wildlife and resource management. Eight case studies list species involved, sectors involved, and external conflicts. Examples include the Moray Firth Seal Management Plan with conflicts between salmon conservation and predator protection, and salmon management in the Columbia River Basin involving conflicts between salmon conservation and dams. The table connects species like Atlantic salmon, harbor seals, and killer whales with sectors such as fisheries, tourism, and NGOs, highlighting conservation versus human activity conflicts.]
TABLE 4. Case studies – Distributional effects and power dynamics.

[image: Table illustrating various case studies on the distributional effects and power dynamics in different fisheries management areas, listing benefits of coordination such as litigation reduction and improved management. Political influences vary from governmental leverage over fishery interests to the agricultural lobby's strength. Each case study highlights unique challenges and dynamics.]
TABLE 5. Case studies – Coordination mechanisms.

[image: A table listing case studies related to coordination mechanisms in fisheries management, including existing mechanisms and support from authorities. Examples include partnerships and collaborations across tourism, conservation, and research sectors, with varying levels of governmental support and institutional challenges. Cases cover topics like seal management, salmon and alewife restoration, and international whaling, with differing degrees of policy integration and stakeholder involvement.]
TABLE 6. Case studies – Stakeholder objectives and processes for evaluating trade-offs.

[image: A table with three columns labeled "Case study", "Shared views/objectives across stakeholder groups (formally recognized)", and "Evaluative processes for trade-offs". It lists eight case studies on various environmental and resource management issues, detailing compromises, shared goals, and evaluative processes. The entries highlight varying degrees of consensus and evaluation methodologies, such as the "Moray Firth Seal Management Plan" and "St. Croix River alewife restoration". Some cases note the lack of shared objectives or formal evaluation processes.]
TABLE 7. Case studies – Solutions implemented.

[image: A table lists eight case studies addressing conflicts in environmental management through three solution types: Top-down, Ostrom-type, and Coasean solutions. Each case study describes specific actions taken, such as legislation, stakeholder partnerships, and negotiation or compensation schemes, to manage issues in areas like salmon management, whaling, and seal interactions. The approaches vary, encompassing legislative measures, collaborative efforts, and economic incentives to balance environmental conservation with human activities.]
TABLE 8. Case studies – Governance challenges and opportunities.

[image: Table listing governance challenges and opportunities for eight case studies. It includes barriers such as lack of financial support, conflicting legal mandates, and water scarcity. Opportunities mentioned involve salmon conservation, policy innovations, and reducing bycatch. Examples include the Moray Firth Seal Management Plan and International Whaling Commission. The table highlights complex jurisdictional issues and potential for collaborative solutions.]The eight case studies cover different types of cross-sectoral conflicting interactions, including conflicts between fisheries and terrestrial human activities, and conflicts between fisheries and marine mammal conservation (Table 3). In all of these cases there are conflicts between two or more sectors that are concerned with different ecosystem services or activities that create external costs on other sectors. Most conflicts involve trade-offs between use and non-use values. Several cases involve conflicts between fisheries and conservation of marine mammals including cases where marine mammals harm fisheries and vice versa. Other cases involved activities that compromise habitat for marine species harming both resources users and conservation interests. In all of these cases, the conflict goes beyond allocation of use of a single resource and resolving them generally requires compromise between stakeholder groups with divergent interests.

All of the cases identify potential benefits from better coordination of conflicting activities or mitigation of their impacts (Table 4). All cases also identify jurisdictional conflicts and power imbalances that have led to costly litigation or political maneuvering that obstructed solutions to the conflict or led to failure of attempt to resolve them. Reducing litigation costs is cited as a benefit of better governance for several cases (Moray Firth seal management, Columbia River Basin, and California’s Central Valley cases). While it may be clear that better governance could increase overall benefits, win-win solutions are rare and solutions generally require compromises.

The case studies are also informative in terms of approaches for making tradeoffs and implementing durable solutions (Table 5). In most cases, partnerships involving government bodies and essential user groups were formed. The time period between the beginning of the crisis and the formation of a partnership with a direct mandate to address the conflict appears to increase with the number of sectors involved in the case. Likewise, the multiplicity of parties appears to decrease the likelihood of reaching agreement on solutions for mitigating the conflicts. This is illustrated by cases such as the salmon management in the Columbia River Basin and the water supply and salmon in California’s Central Valley where partnerships have not yet led to broad, resolute actions needed to resolve the long-standing conflicts. Individuals can also be the key to conflict resolution (as well as disruption). For instance, the role of a facilitative leader and the political will of a minister are emphasized in the Moray Firth Seal management case and the Baltic salmon management case, respectively.

Multiple case studies highlighted the importance, and often the lack of, a shared views and objectives (Table 6). A common theme across several case studies is the disagreement over the allocation of costs and benefits across sectors. For instance, fishers often deplore being the only sector bearing the cost of marine mammal conservation while ocean pollution and other sectors such as shipping may also pose threats. However, stakeholders in favor of marine mammal conservation note that industry sectors often fail to take into account their impacts on marine mammals in their operating decisions. In the two US salmon conservation cases, rebuilding salmon populations will likely requires sacrifices by harvesters, industries and the broader public that degrade habitat or benefits from services generated by the hydroelectric system (e.g., irrigation, power, and flood control), but also by conservation interests that may have to consider trade-offs between marine mammal and birds conservation and salmon recovery. The lack of a governance structure that brings these disparate interests together to negotiate trade-offs has led to litigation and political maneuvering that has increased the cost of identifying and implementing solutions and slowed progress.

A formal evaluation of trade-offs is rarely done (the Moray Firth case is an exception). In the Columbia River Basin salmon case, a visioning process, where stakeholders envision a better world (identifying objectives, and potential paths to get there), is being employed. Even if some of the objectives are unrealistic, a visioning process can gives stakeholders a common positive goal to aspire to. This can help build empathy and trust, and to build stakeholders cooperation. In addition, the visioning process could focus on a shared vision of the management approach, not necessarily on a shared vision about the relative importance of different objectives (Stephenson et al., 2019). Sometimes developing a shared vision between industry groups and non-governmental organizations (NGOs) can be less difficult than expected as industry groups understand that they need social acceptability (Kelly et al., 2017). In other cases, while not sharing the same values, the different stakeholders at least have a common understanding of the different values and objectives of others (e.g., Baltic salmon case, seal-fisheries interactions in Ireland, and French Antarctic toothfish fishery case). This indicates that collaboration may be beneficial even when values are not shared, despite the challenge of reaching agreement on a solution remaining.

Scientific uncertainty is also mentioned as an impediment to reaching agreement on a solution in the majority of case studies. Stakeholders are often unwilling to incur substantial costs for management measures that would have highly uncertain outcomes. Even if transaction costs are equally born, some parties perceive different odds of success. The case of Baltic Sea salmon management underscores that probabilistic decision analysis tools offer a possibility to check how precisely the objectives must be known in order to be able to provide scientific advice to a fishery. In general, scientists can estimate and work toward decreasing uncertainties, including regarding the value of ecosystem services, to help stakeholders identify the potential outcomes of alternative solutions to problems. A few of the cases discuss formal evaluations designed to better understand the cause of the problem or the efficacy of solutions. Sometimes, research may not be able to provide such knowledge. Several cases note a lack of formal evaluation of the conflict or potential solutions (e.g., seal-fisheries interactions in Ireland, St. Croix River alewife case, French Antarctic toothfish fishery case) or stress the issue of insufficient funding to ensure long-term support toward collaboration efforts in science-policy projects (e.g., Moray Firth case). Other times, while scientific information is available, it may not be understood and/or believed by some parties. For instance, the linking of multiple ecological and social components in complex models may decrease their understandability and thereby their usefulness in supporting coordinated decision-making across sectors. Uncertainty estimation is often technically difficult, and the explanation of the results to all stakeholders may be demanding.

While most of the conflicts in the case studies have yet to be fully resolved, a variety of mechanisms to facilitate solutions have been applied including top-down legislative and regulatory actions; Ostrom-type solutions involving partnerships of diverse stakeholder groups or collaborative governance; and Coasean solutions involving compensation or market solutions (Table 7).

Top-down solutions reliant solely on regulation may not be the most effective means of resolving many of these conflicts and may be hindered by conflicting mandates that require changes in legislation or international agreement and treaties. Nevertheless, these mechanisms are often part of the solution as they can create pressure on regulated parties to find alternative solutions that are more effective or less costly such as in the Moray Firth case.

Most of the cases involved some attempts at collaborative governance in the form of partnerships between stakeholder groups. Some are facilitated by government (e.g., Columbia Basin Partnership) while others were developed by stakeholders (e.g., case of seal-fisheries interactions in Ireland). Many of these partnerships are ongoing and evolving, making it difficult to assess their efficacy or durability.

Several case studies provided examples of Coasean bargaining solutions, though these are mostly partial solutions that mitigate but do not resolve the conflict. For instance, compensation or lower docking fees may be offered to shipping vessels reducing their speed in approaching the port, which favors whale conservation (see IWC case study). Individual fishing quota allocations can include a “participation in research activities” criterion to incentivize fisheries collaboration with scientists on issues related to marine mammal conservation (e.g., French Antarctic toothfish fishery). Technical operating measures that effectively mitigate externalities such as marine mammal bycatch may be encouraged by ecolabels which can provide incentives to industry groups seeking to demonstrate that their activities are “eco-friendly.”

Markets can be viewed as an alternative mechanism to collective governance based on a shared vision; in a market, parties do not have to agree on how a resource is going to be used. However, markets may fail to address the needs of a large and diverse set of stakeholders, hence the need for incorporating them in an integrated governance approach (German and Keeler, 2009). Market mechanism were used or identified as possible solutions in several cases (water markets in two US-based case studies, individual fishing quotas in the Baltic salmon management case).

Barriers to solutions were identified in all cases, including conflicting legal mandates or treaties and complex and unclear jurisdiction over uses and activities (Table 8). Several case studies also stress the issue of insufficient funding to ensure long-term support toward collaboration efforts in science-policy projects (e.g., Moray Firth case). Another common problem is the perception that not everyone is cooperating. For instance, while environmental NGOs are identified as relevant stakeholders in all the case studies, they may prefer not to participate in cross-sectoral partnerships depending on their strategy as counter lobbyists. In the St. Croix River alewife case, the lack of an institution with cross-national jurisdiction and the lack of cooperation between those involved led to an aberrant situation where the State of Maine enacted legislations to close dam fishways to block alewife migration while Canadian authorities were transporting alewifes around the dams using trucks. Other recurring issues in case studies include the inertia created by high transaction costs and the lack of existing mechanisms for cross-sectoral cooperation.

Reconciling use and non-use values is critical to addressing many cross-sectoral conflicts. Conflicts between use and non-use values are illustrated in multiple case studies by the issue of predator controls. For instance, many populations of pinnipeds are recovering after bans on hunting, leading to conflicts between fishers and environmental NGOs on the issue of pinniped culling. In the case of interaction between seals and commercial fishing in Ireland, the legislation prevents the culling of seals. Conversely, in the Moray Firth seal management and the Baltic salmon management cases, fishers have been allowed to shoot a limited number of seals. However, under EU regulations, the selling of seal products is not allowed, which prevents the use of yield for ethically unacceptable use. Likewise, in the United States, the MMPA was amended in 2018 to allow for much greater flexibility to lethally remove pinnipeds in the Columbia River and its tributaries. Another illustration of conflicts between use and non-use values is when a resource is valued for its role in the ecosystem and is impacted by human activities (e.g., IWC internal conflict with regards to whales, St. Croix alewife interacting with dams and bass recreational fisheries). Non-use values may affect the scope of tradeoff possibilities when non-use sectors are reluctant to negotiate on certain values such as existence values or animal cruelty. Consequently, non-use values are highly relevant to the likelihood of stakeholder collaboration. Non-use values are highly diffuse, accruing to broad populations not closely connected to the resource or its management. While they may be represented by NGOs or the government, their lack of direct involvement in conflict resolution can lead to lack of acceptance that can undermine agreements (like in the Moray Firth case when an animal rights group disputed the solution that had been in place). This, in turn, may undermine other parties’ willingness to negotiate.

In some cases, a crisis may be an opportunity to facilitate the process of getting all stakeholders together (Young et al., 2012). In the Moray Firth case, a crisis created by a government conservation order triggered bringing diverse stakeholders to the table to develop a plan. Cross-jurisdictional collaboration can be triggered by ecological disasters (Evans et al., 2014; Villamayor-Tomas et al., 2014). However, the occurrence of external disturbances is not always sufficient to trigger or sustain cooperation among actors in large-scale systems (Fleischman et al., 2014). Some actors who are involved in multiple policy forums, sometimes referred to as “policy elites” (Jenkins-Smith et al., 2014), may play the role of facilitative leader and bridge different sectors. Local leaders can reach out to stakeholders that feel left out of the process (Young et al., 2012). Otherwise, central authorities or the courts sometimes play the role of forcing some kind of negotiation. In some instances, central authorities have the capacity to force parties together to negotiate by shutting down all activities until a solution is found11. This can make the cost of the conflict greater than the transaction costs associated with finding a solution. However, there might be settings where it is not acceptable politically. The two US-based case studies (Columbia River Basin and California’s Central Valley cases) mention the role of litigation to arbitrate conflicts between groups or to force governments to improve their recovery plans. In cases of very intense conflict between stakeholder objectives, a new legislation may be needed, where policy-makers, instead of stakeholders, decide on the weighting of the different policy objectives.



DISCUSSION


Feasibility and Key Determinants of Stakeholder Collaboration

Governance frameworks generally prescribe getting all stakeholders together and having them agree on a comprehensive set of objectives. However, large-scale systems can involve a multitude of governmental and non-governmental actors, making this task very difficult. Ostrom’s work shows that shared vision about a resource is more likely when groups are relatively small with similar production models and objectives (Cox et al., 2010), conditions which do not describe most of the cross-sector problems examined in this paper. Cross-sector collaboration efforts that address a diverse set of policy issues entail higher transaction costs (Lubell et al., 2019). First, the group of stakeholders needs to be defined and bounded to avoid institutionalizing open-access (i.e., establishing institutions with potential for new entry would likely fail to address typical open-access issues). Next, stakeholder representatives need to be identified and selected to maintain a power balance within the group. In cases involving multiple sectors and multiple constituencies within each sector (e.g., large watersheds), this might not be feasible. Lubell (2004) found that coastal watershed collaborative institutions do not change the level of collaboration among conflicting stakeholders. Advocacy actors such as environmental and economic interest groups often have conflicting policy preferences (Newig and Fritsch, 2009). Some stakeholders also may lobby for their narrow policy interests rather than have a more neutral perspective. Other potential issues include the strategy of some powerful environmental NGOs that may get involved in conflicts with a disruptive campaign but refuse to participate in collective policy forums (Redpath et al., 2013). Greater public involvement in participatory environmental planning can also help include public values into decision-making and improve trust in government agencies, though this will depend on the commitment of the lead agency to the participatory process (Beierle and Konisky, 2000). An appropriate legal framework is also important to facilitate stakeholder collaboration12. Consequently, the number of challenges in gaining stakeholder cooperation and collaboration are not to be underestimated.

Trust and learning among resource use sectors is critical for establishing durable management regimes and fostering system resilience. Support from central authorities is also essential. Resilience of the system and durability across political cycles require that institutions, government bodies, stakeholders, and resources have the potential to adapt to change (Folke, 2006). According to Ostrom (1998), three main elements are important in designing long-term solutions to collective action when multiple parties bring different interests: reciprocity (continually interacting institutional players may be more willing to trade), reputation, and long-term trust. In general, a proactive approach is usually a much better strategy than a reactive approach to develop all three of these elements. Legislation can support a more proactive approach to avoid crisis. The role played by central authorities in monitoring and enforcement may also be essential to build trust in the system (Singleton, 2000; Potoski and Prakash, 2004), especially in cases where there is no history of cooperation between sectors.

The question of who initiates coordinated management efforts, and at what level, is also important. Cross-sectoral collaboration can be a local effort or it can also be widespread. Who sets objectives can greatly influence the success of collaborative governance. The emergence of a widely respected leader to guide the process can be favorable to build trust among groups (Stern and Coleman, 2015; Young et al., 2016). The importance of a leader was noted in the Moray Firth case, but the role individuals play in finding or disrupting solutions is rarely documented though it may often be critical. Moreover, while evaluation of tradeoffs is necessary, a mechanism for deciding resource uses and making associated tradeoffs is also needed. The identification of mechanisms for making tradeoffs across sectors is a critical challenge for facilitating solutions. In addition, the cumulative effects of management actions are typically not evaluated. Cumulative effects are often inherent to cross-sectoral conflicts, and to some extent, the evaluation of the cumulative effects is the ultimate goal of cross-sectoral collaboration (Korpinen and Andersen, 2016; Stephenson et al., 2019). Finally, the level of complexity and the information needed, which increases with the number of sectors considered, is an important issue. In some cases, it may be more effective to solve conflicts among a subset of stakeholder groups rather than considering all sectors at once and being unable to resolve tradeoffs.



Debate Over Compensation and Incentive Schemes

Distributional impacts of institutional change are often the primary reason for the difficulty of resolving cross-sectoral conflicts. Some parties anticipate bearing more, uncompensated costs than benefits, and they have an incentive to resist. For instance, if the ecosystem service is a broad public good, but the costs are narrowly imposed, then parties are likely to oppose institutional change. Ostrom (1990) and Libecap (1994) identified that a proportionate distribution of costs and benefits are key to resolving conflicts. Ideally, the distribution of costs and benefits should be fair. However, not everybody will agree on what constitutes a fair distribution (Loomis and Ditton, 1993). In a practical way, what is important is to achieve a distribution of costs and benefits so that no group will defect; to this end, the distribution of costs and benefits should relate directly to the shared set of objectives and values. There are two main aspects to the distribution of costs and benefits: (1) the distribution once the long-term objective is met, and (2) the distribution during the transition phase (moving from status quo to a solution). Political systems, where short-term outcomes are prioritized, can be ill-equipped to meet long term objectives if stakeholders are incentivized to focus on the short term costs of transitioning. Compensation might help address issues related to redistribution that may occur in the transition phase.

Compensation and incentive schemes can be a solution to help achieve environmental objectives but may also be controversial depending on the context. In a number of countries, livestock owners are compensated for their losses due to attacks by protected wolves (Agarwala et al., 2010; Thiel et al., 2012). This mechanism intends to help achieve conservation objectives. However, in most fisheries (including many fisheries where depredation occurs), fishers are given the right to extract a common-pool resource for free. If fishers are also given the right to harm another public resource (e.g., marine mammals that might interfere with fishing operations) or paid as a result of depredation costs, then the public may perceive this as unfair. Depredation could be seen as a “cost of doing business” that fishers should bear just as they would bear any other privately incurred cost to harvest a valuable resource. On the other hand, this type of compensation is not very different from cases where successful parties in the regulatory game get benefits that they do not pay for (e.g., subsidies).

The reluctance of many to go toward market-based approaches is that incentives in some market-based fishery systems have been perceived as perverse: public resources were given for free to groups in the form of shares, which are now worth millions of dollars, which is seen as unfair from society’s point of view (Bromley, 2009). Another potential issue in fisheries where rights are well defined and transferable is that the willingness to pay of recreational fishers can be higher than that of commercial fishers, and there may be cases where recreational fishers would buy out the commercial fishers (see above discussion on ITQs in the Baltic Sea salmon case). But this has not been widely allowed because it is not politically or socially acceptable to have commercial fishing disappear. The need for market instruments depends on whether social and cultural norms foster cooperation and allow for reallocations across different parties (Noussair and Tucker, 2005). Market-based approaches may be unnecessary in situations where cultural and social rules are effective in resolving cross-sectoral externalities (Shogren, 2012). In other words, good social capital may help to find acceptable solutions.

Additionally, there might be concerns about moral hazard as compensation might lead to changes in behavior of resource harvesters. If harvesters are required to bear the cost of depredation, rather than being compensated, they may devise strategies to avoid depredation events (e.g., by changing when and where they fish or with gear modifications or devices to deter or scare away predators). This also raises questions about how to organize the regulation and enforcement of the compensation system to deter cheating. For instance, in the case of depredation by seals, it may be difficult to demonstrate that a fish has been damaged by a seal. Society may be reluctant to offer compensation for damaged fish, even if the cost is relatively small. Yet, one could argue that fishers already get a lot of things that they do not pay for and compensation might be a relatively cheap option to solve a long standing problem. With regard to moral hazard, ex-ante compensation (e.g., payments for ecosystem services) may be more appropriate than ex-post compensation (e.g., fixed value per damaged fish) in order to maintain incentives for harvesters to prevent depredation events (Skonhoft, 2017).

Compensation means that rights requiring compensation have to be allocated and often these rights would be granted for free to past participants (grandfathering), which is part of why this might not be politically acceptable. This relates to the question of fairness and equity. The lesson from Coase (1960) is that if transaction costs are high, then the initial distribution of rights matters and this might affect whether you would want to have a compensation scheme or not in some cases. Moreover, in cases where resource exploitation generates negative externalities to a non-use sector, the issue of whether non-use values can be quantified is critical (Krutilla, 1967). The ability to estimate these non-use values13 in a manner that allows a negotiation is a key factor in achieving agreement. If we cannot adequately estimate non-use values, then they may be viewed as trumping other values and may undermine collective action. They may also be implicitly assigned a value of zero, which would likely lead to socially inefficient outcomes.

Stakeholder adaptation to an external shock (resilience) and willingness to make a major change, depend on the different perceptions of the probability of an external shock and how the distribution of costs and benefits are perceived. Discount rates that people are using are important for long-term risk assessments. Discount rates and access to capital, as well as the implications of prospect theory on the redistribution of interests (Kahneman and Tversky, 1979), are relevant when a change is needed and involves costly actions for stakeholders. Compensation could take the form of low-cost financing (e.g., loans) to give users the opportunity to make a major change, which might be more politically acceptable than compensation (Rangeley and Davies, 2012).



Looking Ahead

The accelerating trend of increased ocean uses over the last 50 years is intensifying anthropogenic pressure on ocean ecosystems (Jouffray et al., 2020). The multitude of claims on ocean food, material, and space, increasingly leads to cross-sectoral conflicts such as those examined in this paper. Addressing the challenges associated with cross-sectoral conflicts requires an improved knowledge of the diversity and magnitude of claims being made and their interactions, as well as a greater consideration of trade-offs and cumulative impacts (Stephenson et al., 2019; Jouffray et al., 2020). In addition, traditional governance is often not well-adapted to mitigate these conflicts (Spijkers et al., 2018, 2019), stressing the need to consider Ostrom-type approaches and Coasean solutions more systematically to achieve a balance between sustainable use and conservation while addressing equity concerns. More research is therefore required to determine where and when each of these governance alternatives is most appropriate to manage conflicts.

An additional complication for ocean governance is that 64% of the surface of the oceans is situated beyond national jurisdictions, where human activities are regulated and managed by a multitude of disparate sectoral institutions (Wright et al., 2018), and these institutions have limited authority and enforcement capability. In particular, there is little cooperation between existing organizations and no responsibility for overarching principles for the conservation and sustainable use of biodiversity beyond national jurisdiction. To address growing threats to biodiversity in these areas, the United Nations (UN) is currently discussing a possible international legally binding instrument to conserve biodiversity and mediate between conflicting uses (Wright et al., 2019). Interestingly, ongoing discussions include the possibility of a funding mechanism to balance the distribution of costs and benefits, in particular between countries of lower and higher capacity (Österblom et al., 2020). Such a funding mechanism could for instance include side payments to a conservation fund (to support environmental sustainability) or to a capacity-building fund (to provide financial resources for operationalizing a clearing-house mechanism or help developing countries).

Coastal and marine governance conflicts are also relevant to UN 2030 Agenda for Sustainable Development and associated Sustainable Development Goals (SDGs). As pointed out by Singh et al. (2018), SDG 14 (Life under Water) that aims to “conserve and sustainably use the oceans, seas and marine resources for sustainable development” contributes to many other SDGs such as ending poverty (SDG 1), ending hunger (SDG 2), good health and well-being (SDG 3), reduced inequalities (SDG 10), and peace, justice, and strong institutions (SDG 16). A failure to develop institutions able to mitigate marine and coastal governance conflicts may therefore undermine the realization of these broader goals. Acknowledging the critical role of the ocean in achieving the SDGs, the UN has proclaimed a Decade of Ocean Science for Sustainable Development (2021–2030) to encourage the development of the frameworks and tools required for the integrated and sustainable management of the ocean (Ryabinin et al., 2019; Claudet et al., 2020; Pendleton et al., 2020). Given the need to address cross-sectoral conflicts for achieving societal goals, it appears important that the Decade of Ocean Science engages in additional social science research to support the development of more integrated, multi-sectoral governance approaches.



CONCLUSION

The successful management of cross-sectoral conflicts often requires moving beyond traditional top-down regulation. Ostrom-type approaches, which are broadly focused on cooperative management and collective-choice rules, and Coasean bargaining, which involves exchanges of some form of property rights or regulatory benefits between groups, both delegate more responsibilities to stakeholders who have more practical knowledge than managers or politicians to implement actions. Both approaches may be more responsive to dynamic factors and thus may provide more durable institutions. Ultimately, which policy option is more appropriate depends on the nature of the resources, the users and their values, and the nature of their interactions. Often some combination of top-down pressure, collaborative governance, and bargaining and exchange may be needed to resolve these highly complex and intractable conflicts.

More research is required to put forward governance alternatives that will assist in evaluating trade-offs and conflict management. Addressing marine and coastal governance conflicts at the interface of multiple sectors and jurisdictions could be approached through the effective combination of collaborative institutions and mechanisms that provide incentives to stakeholders, or compensation to parties that perceive that they are going to be made worse off by institutional change. Solutions need to ensure that non-use values are reflected in decisions, most likely through public participation in collaborative institutions if representativeness can be guaranteed. Finally and ultimately, cross-sectoral coordination for conservation is highly dependent on long-term stakeholder and political commitments.
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FOOTNOTES

1With regards to the categorization of conflict intensity, with a gradient from verbal disagreements to military acts as defined in Spijkers et al. (2018), the conflicts we focus on are typically those of lower intensity, i.e., non-violent phenomena such as verbal discords or legal proceedings resulting from differing interests.

2This paper is primarily focused on addressing negative externalities. However, in general, externalities can be either positive (e.g., fishing vessels switching from active to passive fishing gear lower their greenhouse gas emissions) or negative (e.g., building a dam impedes fish passage).

3Transaction costs are the costs of searching for information, bargaining, planning, policing, and enforcement associated with implementing new institutional arrangements.

4See for example Kuperan et al. (2008) for an application to fisheries management and Mettepenningen et al. (2011) for an application to agri-environmental schemes.

5Asymmetry of information relates to situations where parties do not have equal and transparent knowledge about contributions to the externality, natural system responses, and compliance.

6A common-pool resource is a resource available to all but which provides diminished benefits to everyone if an individual consumes it and to which access can be limited only at high cost. Classic examples of common-pool resources include fishery resources, irrigation systems, aquifers, forests, pastures, etc.

7A public good is a good available to all and whose use by an individual does not reduce availability to others. Examples of public goods include knowledge, flood control systems, lighthouses, etc.

8https://www.portvancouver.com/environment/water-land-wildlife/echo-program/

9https://www.fisheries.noaa.gov/foreign/marine-mammal-protection/noaa-fisheries-establishes-international-marine-mammal-bycatch-criteria-us-imports

10Depredation is the retrieval of fish from fishing gear by animals.

11For example, Canada’s DFO entirely closed the Pacific groundfish trawl fishery in 1995 to force bargaining among stakeholders. The fishery reopened months later with a new management system including 100% at-sea observer coverage and ITQs (Grafton et al., 2004).

12For instance, under the US Endangered Species Act, NGOs can sue without having to negotiate beforehand.

13Tools to estimate non-use values include revealed-preference (Boyle, 2017) and stated-preference methods (Johnston et al., 2017).
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Climate-driven changes in aquatic environments have already started to affect the European aquaculture sector’s most commercially important finfish and shellfish species. In addition to changes in water quality and temperature that can directly influence fish production by altering health status, growth performance and/or feed conversion, the aquaculture sector also faces an uncertain future in terms of production costs and returns. For example, the availability of key ingredients for fish feeds (proteins, omega-3 fatty acids) will not only depend on future changes in climate, but also on social and political factors, thereby influencing feed costs. The future cost of energy, another main expenditure for fish farms, will also depend on various factors. Finally, marketing options and subsidies will have major impacts on future aquaculture profitability. Based on the framework of four socio-political scenarios developed in the EU H2020 project climate change and European aquatic resources (CERES), we defined how these key factors for the aquaculture sector could change in the future. We then apply these scenarios to make projections of how climate change and societal and economic trends influence the mid-century (2050) profitability of European aquaculture. We used an established benchmarking approach to contrast present-day and future economic performance of “typical farms” in selected European production regions under each of the scenarios termed “World Markets,” “National Enterprise,” “Global Sustainability” and “Local Stewardship.” These scenarios were based partly on the IPCC Special Report on Emissions Scenarios framework and their representative concentration pathways (RCPs) and the widely used shared socio-economic pathways (SSPs). Together, these scenarios contrast local versus international emphasis on decision making, more versus less severe environmental change, and different consequences for producers due to future commodity prices, cash returns, and costs. The mid-century profitability of the typical farms was most sensitive to the future development of feed costs, price trends of returns, and marketing options as opposed to the direct effect of climate-driven changes in the environment. These results can inform adaptation planning by the European aquaculture sector. Moreover, applying consistent scenarios including societal and economic dimensions, facilitates regional to global comparisons of adaptation advice both within and across Blue Growth sectors.

Keywords: climate change, aquaculture, scenario, socio-political, economic, Atlantic salmon, carp, typical farm


INTRODUCTION
The impacts of climate change threaten future global food production including seafood production. While effects of climate change on fish resources have already been observed (e.g., Free et al., 2019), more markedly consequences on fish production are expected in the future. In 2013, aquaculture overtook fisheries as a source of aquatic products for human consumption and the continued per capita supply of seafood is expected to be completely fueled by increases in aquaculture (OECD-FAO, 2018). The impacts of climate change on fish stocks and their consequences for wild-capture fisheries have been investigated both globally and for specific, regional fisheries (Allison et al., 2009; Sumaila et al., 2011; Dey et al., 2015). There are comparably few studies, however, examining the biological and economic effects of climate change to the aquaculture industry (Ekstrom et al., 2015; Froehlich et al., 2018).
Water temperature is a key factor influencing the physiology and ecology of fish species (Pörtner and Peck, 2010; Frost et al., 2012; Neubauer and Andersen, 2019). Anthropogenic-induced warming of aquatic habitats (marine and freshwater) as well as altered precipitation patterns are expected to have direct and indirect implications for aquaculture such as altering health status, growth performance, and/or feed conversion efficiency of farmed fish (Reid et al., 2019). The impacts of climate change on aquaculture are not necessarily all negative. Warmer temperatures may also be associated with longer growing seasons, faster growth rates, and lower natural winter mortality depending on the region, species and farm (Li et al., 2016; Weatherdon et al., 2016). On the other hand, climate change could alter the intensity and/or frequency of extreme weather events such as storms (Seneviratne et al., 2012; Bouwer, 2019) increasing damage to farm infrastructure (Reid et al., 2019). The potential economic consequences of these physical changes in marine and freshwater systems range from increases in the costs of investments (e.g., new equipment, increased insurance coverage, amount and type of feed, treatments against disease) to reduced marketable volumes and consequently lower returns.
The availability of aquaculture feed components rich in omega-3 fatty acids, such as fishmeal and fish oil (FMFO), will not only depend on future changes in climate but also societal and political factors (Mullon et al., 2009; Merino et al., 2012). These will, in turn, impact feed costs. Furthermore, energy costs are subject to change, especially in the long term (Sato et al., 2019) with direct effects on the aquaculture sector as a primary energy user as well as indirect impacts on feed costs. Electricity prices depend on fuel and CO2 prices (Panos and Densing, 2019). Fuel prices, on the other hand, are inherently volatile due to the influence of various technological, political, and economic factors including tax policies (Heat Roadmap Europe D 6. 1., 2017). Finally, fish prices (market returns), are another key factor determining profitability. Similar to other commodities, fish prices depend on supply and demand with the latter a function of the size of the global population, the level of income and the extent of urbanization (Delgado et al., 1997; Béné et al., 2015) as well as dietary habits. Furthermore, profit and infrastructural development of fish farming depends, in some cases, on public subsidies. Although public payments vary considerably among countries (Guillen et al., 2019) and between regions and species, for some production systems, subsidies can substantially contribute to overall returns (e.g., Lasner et al., 2020).
Few studies have quantitatively analyzed the economic consequences of climate change on aquaculture production. Previous studies have focused on regional assessments in emerging or developing countries, or have often used qualitative methods and have not compared impacts based on broadly applicable scenario frameworks (e.g., Li et al., 2016; Chan et al., 2017; Asiedu et al., 2019). Some previous studies have concentrated on how shifts in specific markets or environmental drivers affect aquaculture production and trade on global or European levels (Delgado et al., 2003; World Bank Report, 2013; Kobayashi et al., 2015; Narita and Rehdanz, 2016). We suggest that the most robust approach is to conduct more holistic analyses that are based on a consistent set of plausible alternative futures including future developments in political, economic, social, technological, legal, and environmental factors, also known as a ‘PESTEL’ approach (Aguilar, 1967; Johnson and Scholes, 2002).
Four different climate change future scenarios were developed within the EU H2020 project climate change and European aquatic resources (CERES), based on selected combinations of the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios framework and their representative concentration pathways (RCPs) and the more recent ‘Shared Socio-economic Pathways’ (SSPs; O’Neill et al., 2014; van Vuuren and Carter, 2014). While the RCPs describe possible trajectories of future greenhouse gas (GHG) concentrations, the SSPs describe future societies in which climate change mitigation and climate change adaptation are more or less easily accomplished, without explicitly considering climate change itself (Pinnegar et al., under review). RCP8.5 was chosen as a worst-case scenario while RCP4.5 represents climate mitigation strategies that lead to about half of the GHG emissions and atmospheric concentrations compared to RCP8.5 by 2100. Each was combined with two SSPs to define and analyze feedbacks between climate change and socioeconomic factors: World Markets (RCP8.5, SSP 5), National Enterprise (RCP8.5, SSP3), Global Sustainability (RCP4.5, SSP1), and Local Stewardship (RCP4.5, SSP2) and are described in detail by Pinnegar et al. (under review).
A condensed overview of these four scenarios, including their contrasting elements with regard to environmental, technological, or economic developments as well their global or local focus, is provided in Figure 1. The essences of these scenarios were co-created with stakeholders using both internal and external International Council for the Exploration of the Sea (ICES)/ North Pacific Marine Science Organization [PICES (as this is a nickname for a Pacific ICES)] Working Groups (WGs) CERES project workshops (see Pinnegar et al., under review). The World Markets (WM, RCP8.5, SSP5) scenario corresponds to a future with open markets where the primary objective is generation of wealth with high fossil fuel utilization and, consequently, less regard for the environment consequences. This global scenario is characterized by a rapid technological progress and few legal restrictions on business. In the National Enterprise (NE, RCP8.5, SSP3) scenario, the primary objective is national food security and maintaining employment opportunities with declining investments in education and technological development. Fossil fuel dependency is high and resource intensity growing. In the Global Sustainability (GS, RCP4.5, SSP1) scenario, society embraces a global approach to sustainability with improved resource productivity, investment in environmental friendly technology and strong international collaboration facilitating climate change mitigation. The Local Stewardship (LS, RCP4.5, SSP2) scenario emphasizes local solutions for self-sufficiency including environmental values and actions to sustainably utilize local resources. Technological development is low and less focus is placed on using international mechanisms to combat environmental issues.
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FIGURE 1. Conceptualization of the four climate change and European aquatic resources (CERES) scenarios in terms of impact and adaptation. Direction of the arrows indicates an increasing development/impact. Double arrows indicate diverging socio-political focus.


Based on these four socio-political scenarios, stakeholder perceptions and model outputs (for future price developments for feed ingredients, production costs and market returns) were combined to create plausible future conditions for Europe’s most commercially and/or culturally important components of the aquaculture farming sector (Figure 2). Future price trends for each of the four CERES scenarios were derived from the global MAGNET model [see Woltjer and Kuiper (2014) for the model description and van Meijl et al. (2020) for the assumptions for each of the SSP scenarios and results for the agricultural sector] as well as the FMFO model (based on Mullon et al., 2009). These scenario-specific price trends were then applied to “typical farm models” (Lasner et al., 2017) to estimate profitability in the year 2050 for Norwegian salmon and German carp farms, two case studies providing good contrasts in PESTEL elements.
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FIGURE 2. Dataflow and models involved in the application of climate change and European aquatic resources (CERES) aquaculture scenarios. Stakeholder (SH) engagement within different steps is indicated as “SH” and by related icon. FCR, feed conversion ratio; S. analysis, sensitivity analysis.


Summarizing the three objectives of the present study, we will (1) introduce a flexible scenario framework that can be applied to a wide range of aquaculture production systems; (2) define semi-quantitative model input parameters from the scenario narratives, (3) explain how these scenarios were applied for the typical farm approach in two cases. Using this scenario framework, we hope to provide improved advice for climate adaptation planning to both the industry and policymakers. Although the majority of the European aquaculture sector has shown little growth in the last decade and contributes relatively little compared to global leaders, Europe is the largest consumer of seafood in the world (FAO, 2018) and the gap between this consumption and the amount provided by wild fisheries continues to increase.



METHODS – OPERATIONALIZATION OF THE SCENARIOS

The general framework of the socio-political scenarios developed in CERES is described by Pinnegar et al. (under review). When defining the scenarios, not only the IPCC RCPs and SSPs were considered, but also the ‘PESTEL’ framework (Johnson and Scholes, 2002) was taken into account as a reminder of the factors that might have an impact on aquaculture in these different envisioned futures. These scenarios narratives were operationalized for use in specific economic models by further developing quantitative aspects of future trends and changes in key aquaculture variables. Details needed in these scenarios to run economic models were sourced from unpublished (gray) literature, outcomes of an aquaculture workshop conducted by CERES, taken from unpublished model results, and scenarios were co-developed and later interrogated by expert stakeholders. The following sections outline relevant aspects to be considered when building scenarios using the PESTEL approach (Table 1).


TABLE 1. Summary of the variables applied within typical fish farms for the four climate change and European aquatic resources (CERES) scenarios: Overall future nominal price trends for fish, fuel, electricity, and fish feed ingredients are given for the year 2050 relative to 2016.
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P – Political Factors

European Union structural funds [e.g., European maritime and fisheries fund (EMFF)] or direct payments may provide support to aquaculture producers. Although the situation across the different EU countries is diverse (see Guillen et al., 2019), a number of production systems receive public payments as additional returns. These payments can, for example, be provided for extensive production or to compensate for insularity. As globalization is expected to lead to a de-regulation of markets and decreased taxes, we assumed that subsidies were eliminated under the global, profit oriented World Markets scenario. Under the Global Sustainability scenario, subsidies were only maintained if culture techniques related to environmental goals (e.g., extensive production). Under the two local scenarios, National Enterprise and Local Stewardship, current subsidies were assumed to remain unchanged (reference year 2016).

Energy or carbon emission reduction policies might have effects on industries dependent on energy and agricultural commodities (in fish feed) such as aquaculture. Thereby, land-use changes like the extents of forested land or land utilized for bioenergy purposes may affect agriculture in different ways. Within the CERES scenarios, land-use changes become most effective under the Global Sustainability scenario with an increase in protected areas, whereas the present-day extent of protected areas was maintained in the future under the World Markets and Local Stewardship scenarios. For the National Enterprise scenario only current strictly protected areas were maintained [according to categories 1–4 of the World Database on Protected Areas (WDPA)].

Trade policy sets the direction of trade and often has substantial influence on prices. Under the two global scenarios (World Markets and Global Sustainability) the current import tariffs and export subsidies for all commodities are abolished. For the World Markets scenario, non-tariff barriers for exports of agri-food products from low-income countries to high-income countries are introduced. For the Local Stewardship scenario, no change in tariffs or subsidies is assumed, whereas under the National Enterprise scenario an increase of import tariffs for agri-food products by 10% points is introduced by 2050. These assumptions have subsequent effects on all future price trends applied within the CERES model simulations (crude oil, electricity, fish, and agricultural commodities).



E – Economic Factors

Besides the prices of the aforementioned input factors, fish price itself is influenced by global commodity markets and changes in supply and demand. Projections of change in the price of energy, as well as fish and plant ingredients in fish feed, were derived from the general equilibrium MAGNET model (Woltjer and Kuiper, 2014). Similar to our study, that model is also based on the SSPs and uses the same assumptions for Gross Domestic Product (GDP) and population development (Doelman et al., 2018) that underlie the four CERES scenarios. Pinnegar et al. (under review) provide a more detailed description of how future price trends of crude oil (fuel) and fish price were implemented and the comparison to other sources for these projections. We apply the same method to price projections for electricity and plant-based commodities. Unlike fuel which is globally traded, power and electricity are traded on the European market, where changes in prices for electricity and oil, however, were found to be correlated (Madaleno et al., 2015). Hence, an indirect impact by global market developments was expected. Moreover, no other suitable source was available that matched the scenarios and mid-century RCP time slice. The following sections provide details on price projections for ingredients of fish feed and the calculation of future prices of fish feed.


Fishmeal and Oil

Future FMFO prices under each of the four CERES scenarios were taken from mid-century projections made by the FMFO model. This model (Mullon et al., 2009) captures the geographically dispersed global FMFO market representing 80% of all production and consumption flows and was parameterized for the CERES scenarios. In addition to the ecological and societal factors already mentioned in the above sections, further economic elements were included to explicitly account for future changes in FMFO prices. First, fuel price assumptions (see Hamon et al., under review, Pinnegar et al., under review) were used for fishing fleets to enable variation in operation costs to be considered. Rates of investment, depreciation, and capital remuneration depended on the amount of technological progress assumed by a scenario. In particular, rates of investment were considered to be higher in the World Markets and Global Sustainability scenarios due to the openness of economies and the race to maintain competitiveness in the global market. A similar argument also supported the higher rate of depreciation costs used in the World Markets and Global Sustainability scenarios due to the technological progress under these specific scenarios.



Fish Feed Price

The composition of species-specific diets and their ingredient’s proportions based on literature were verified by relevant stakeholders from the fish feed and farming industry. All plant protein and plant sourced ingredient shares other than vegetable oil were combined as “plant products other than oil.” This simplification was necessary as future price projections were not available specifically for fish feed ingredients, but an average of the available price projections for “wheat and meslin,” “other grains,” and “oilseeds,” based on the Global Trade Analysist Project [GTAP] (2007) database (Version 8), were used. The current raw material prices for plant commodities per unit weight were obtained from European Commission (2019), Food and Agriculture Organization of the United Nations (2019), and The World Bank (2019) databases and those for FMFO from the IndexMundi, 2019 database and a commodity statistics report (Globefish, 2019). Based on these prices, raw material costs per ingredient share (according to the fish feed composition defined within the first step) were calculated. For the merged category of “plant products other than oil,” the prices for wheat, grains and oilseeds were averaged. No difference between the prices for conventional marine ingredients and those deriving from by-products (raw material recycled from food fish processing) was made due to a lack of available data. The difference between total raw material cost and price per kg feed was categorized as “other costs” including those for other specific ingredients (e.g., land animal protein, vitamins, minerals) and those associated with the production of the feed as well as the profit margin of the fish feed producers.

In a final step, the future changes in price for fish feed ingredients were applied to the absolute cost allocation per fish feed ingredient previously calculated. For the category “other costs” an inflation factor of 2% per year was implemented (see section “Inflation Rates and Other Costs”). The overall percentage change for nominal prices for fish feed ingredients between the year 2016 and 2050 derived from the MAGNET and the FMFO model is given in Table 1.



Inflation Rates and Other Costs

Future inflation rates will likely vary among our four scenarios characterized by different underlying assumptions on how trade and GDP will develop in the future. Inflation, however, is difficult to predict (Berkhout et al., 2002) and in the absence of respective modeling, we applied a consistent inflation factor of 2% per year for all scenarios, continuing projected trends (United States Department of Agriculture [USDA], 2019). This was implemented for all costs where future price trends under the selected SSPs and RCP’s were not available. Among them are aquaculture input costs, such as labor or fingerling costs and feed price shares deriving not from raw material.



Price Variation

As mentioned above, factors such as income, urbanization, taxation, or land-use changes may influence future commodity price trends and were considered within our four scenarios. In addition, there are further impacts on price developments and a certain volatility has to be taken into account when projecting future prices. Agricultural commodity markets are particularly volatile due to price fluctuations caused by natural shocks such as inclement weather or pests; the fact that demand elasticities are small, and a lagged response between supply and price exists (FAO et al., 2011). With respect to our scenarios, price volatility is assumed to be higher under the two scenarios with more pronounced physical and biogeochemical effects of climate change as associated with RCP8.5 (Diffenbaugh et al., 2012). This might be further pronounced in the National Enterprise scenario in which adaptive capacity is assumed to be low.

In order to consider potential price variation around the 2050 price trends used, a range was set around the MAGNET energy, fish and fish feed component price trends as well as those derived from the FMFO model. As described by Pinnegar et al. (under review), historical price variability was used to define the future range in fish (FAO Fishery and Aquaculture Commodities statistics, 2019) and crude oil prices (Organisation for Economic Co-operation and Development [OECD], 2019). Future price variation in different fish feed ingredients was based on historical variability captured in the databases for current prices. Variation in the price of electricity within Europe was based on the Eurostat database (2019) database. Historic data coverage was commodity-specific. Annual data were mostly available from 1980 to 1990 onward, for European electricity prices, however, data were only available from 2008 onward. A generalized additive model (GAM) with a gamma distribution was fit to the general trend of the non-normally distributed historic price data. The upper and lower 95% confidence limits were calculated by determining the standard error of the model fit. Further, the proportional deviation of the highest fit value was used to build the upper and lower range of the projected future price output of the MAGNET and FMFO model (see Pinnegar et al., under review) and applied within a sensitivity analysis as explained in the following.

The historical range in the various prices was implemented to conduct Monte Carlo simulations for costs and returns in Microsoft Excel (2016 version). In total, 1,000 iterations of typical farm operating earnings [returns (= fish prices) minus cash costs (including feed and energy prices)] were calculated with energy, feed and fish prices varying randomly between the pre-defined price ranges superimposed on the price projected for 2050. From the average of the resulting operating earnings, twice the standard deviation was added/subtracted in order to cover > 95% of the expected future operating earnings between the defined price ranges and thereby their sensitivity to price changes.




S – Social Factors

Social factors focused on representing future changes in consumer acceptance and associated buying trends. The domestic focus of the two local (National Enterprise and Local Stewardship) scenarios is reflected in increased opportunities for regional marketing. These opportunities were not assumed to be available under the two globally operating (Global Sustainability and World Markets) scenarios. Regional marketing strategies were assumed to achieve premium prices for species or products with regional market demand that are attributable to their geographical origin certified as “protected geographic indications” (PGI).

Consumer acceptance of feed ingredients is also shaping the sector’s practices and, hence, the sector’s profitability. Acceptance of genetically modified (GM) organisms or the source of protein (land animal, versus marine animal versus vegetable meal) may change prices of fish feed (Shepherd et al., 2017; Sprague et al., 2017). The impact of protein source substitution was included in the CERES scenarios by using a demand flexibility parameter in the FMFO model, which accounted for the presence of substitutes to the FMFO commodities. In the World Markets and Global Sustainability scenarios, demand flexibility was assumed to be high (greater substitutes for expensive FMFO) due to a wider range of available alternatives, while demand flexibility was considered to be low in the local (National Enterprise and Local Stewardship) scenarios (World Economic Forum, 2018). The future demand for fish was scenario-specific and linked to population growth. The National Enterprise and Global Sustainability scenarios had the highest and lowest global population growth rates, respectively (Kc and Lutz, 2017).



T – Technological Factors

The four CERES scenarios made different assumptions on technological progress consistent with the SSP narratives (Popp et al., 2017; Pinnegar et al., under review, Figure 1). The World Markets scenario was characterized by a high technological development, as well as under Global Sustainability, where best practices are rapidly and globally distributed. Technological advancement is slower under the Local Stewardship and even more under the National Enterprise scenario.

Similar assumptions have been made for the agriculture sector including feed crops where the most pronounced increase in crop productivity occurs under the World Markets and Global Sustainability scenarios. Advances in technology are driven by the limited availability of land (Global Sustainability, more land is protected) or via increased GDP (World Markets) which indirectly stimulates technological development.

The technological progress was also embedded indirectly within feed technology and development of marine protein and oil substitution. Technological progress in FMFO production was included within the FMFO model through economic variables. Specifically, variation in the cost of meal and oil production, depreciation and return on investment was varied and described in more detail under section “E-Economic Factors”.



E – Environmental Factors

Environmental concerns of the industry include impacts of climate change on the growth physiology of cultured animals as well as consequences on farming systems and the maintenance of production. Water temperature and quality can directly alter growth performance, feed conversion efficiency and the health status of cultured poikilothermic animals or can indirectly influence farm performance through changes in the occurrence of pathogens or harmful algal blooms (Brander, 2007; Neuheimer et al., 2011; Barange et al., 2018; Froehlich et al., 2018; Reid et al., 2019). To reflect environmental changes, physical and biochemical model results (CERES D1. 3, 2018) and individual growth models for selected target species were integrated into the well-tested FARM population model for simulating future harvest weight and feed conversion rate (FCR) ranges (Ferreira et al., 2009, 2012; Nunes et al., 2011; Saurel et al., 2014; Cubillo et al., 2018) under the two different GHG concentration trajectories RCP 4.5 and 8.5.

The FCR measures the feeding efficiency and was estimated for the grow-out production starting at fingerling size for typical farms. Final harvest weight attained at the end of the production cycle was chosen as an indicator for growth performance. The duration of the production cycle was fixed based on data obtained for a reference year (2016). Within a 20-year time slice [model-dependent 2030–2050 (Norwegian waters) or 2040–2060 (other European waters)], the warmest and coldest year was used to model harvest weight and FCR in order to capture the effects of future temperature variability.

The FMFO model (Mullon et al., 2009, 2016), a coupled ecological-economic model, captured climate impacts on small pelagic fish within RCP4.5 and RCP8.5 in the four CERES scenarios. Thereby, more severe latitudinal shifts of small pelagics were projected under RCP8.5 (Jones and Cheung, 2014; Jones et al., 2015) compared to RCP4.5 (Weatherdon et al., 2016). The model also accounted for differences in intrinsic rates of growth of populations of pelagic fish based on life history traits (e.g., small, fast-growing pelagics fished in Peru and Chile compared with slower-growing species fished in Nordic countries such as Denmark, Norway and Iceland; Mullon et al., 2009, 2016).



L – Legal Factors

A number of scenario-specific regulatory factors are of concern to the aquaculture sector. One indirect legal factor that was considered is the total allowable catch (TAC) of small pelagic fish used for FMFO production. These TACs were aligned with the levels of exploitation rates developed in the CERES scenarios created for fisheries (Hamon et al., under review) and ranged from 0.6 of the exploitation rate associated with the maximum sustainable yield (MSY) in the Global Sustainability scenario to 1.1 of the exploitation rate associated with MSY in the National Enterprise scenario. No additional direct factors (discussed in section “Discussion”) were included within our analysis.



Economic Model Approach

For the economic assessment of climate change impacts on the most important finfish species to European aquaculture, the typical farm approach was applied as a baseline for farm-level projections. Essentially an engineering approach, cost and return structures of typical farms were modeled applying empirically grounded, realistic price, and volume structures for farm inputs and outputs (Isermeyer, 2012; Walther, 2014). Representative farm datasets for selected production regions were built using both qualitative sampling methods, such as focus groups and expert interviews, and from quantitative farm statistics. Each farm-level dataset was comprised of a maximum of 548 variables and allows micro-economic analyses after the structure is discursively validated with stakeholders for its coherence (see Lasner et al., 2017). Within CERES, future price trends, assumptions on subsidies and regional marketing (Table 1), as well as temperature-driven changes in harvest and feed volumes, were applied to typical farms defined for a reference year (2016) to calculate mid-century profitability. These included multiple species (rainbow trout, carp, Atlantic salmon, European sea bass, sea bream, and blue mussel) farmed across a total of ten countries in the European region (Germany, Denmark, Ireland, Norway, United Kingdom, Netherlands, Spain, Poland, and Turkey) within various production systems. The present study provides results for two typical farms as case studies: Atlantic salmon grown in Norwegian farms and carp grown in German farms.




RESULTS


Application of the Scenarios


Fishmeal and Fish Oil

An increase in nominal prices across all scenarios is observed for both fishmeal and fish oil (Figures 3A,B). The magnitude, however, varies between scenarios with the local scenarios (National Enterprise and Local Stewardship) showing higher prices compared with the global scenarios (World Markets and Global Sustainability). More specifically, the National Enterprise scenario generates the highest prices for fishmeal at 3,030 U.S. Dollar (USD) per ton and fish oil at 2,551 USD per ton in 2050 followed by the Local Stewardship scenario. While the Global Sustainability scenario shows the lowest prices for fishmeal prices at 1,685 USD and fish oil at 1,734 USD in 2050 with the World Markets prices slightly higher.
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FIGURE 3. Future price development of fish oil (A) and fishmeal (B) in USD/ton under the four climate change and European aquatic resources (CERES) scenarios.


One of the main explanatory variables for these observed price differences between the global and local scenarios is the assumption of demand flexibility. In the global scenarios (World Markets and Global Sustainability) it is assumed there would be an increased presence of substitutes to the FMFO commodities from more extensive competition. This puts downward pressure on prices keeping them low. In the local scenarios (National Enterprise and Local Stewardship), demand flexibility is assumed restricted and introduces scarcity into the model which becomes further pronounced with increasing demand from growing human populations.

Fluctuations in price can also be seen across time and scenarios. This is explained by the dynamic and recursive nature of the model which is run sequentially over 1-year periods until mid-century (2050). The model solves for the ecological variables, such as recruitment and latitudinal shifts, and the economic variables such as investment, depreciation and consumer demand for each year and then uses these results as the starting point for the next 1-year period. Allowing the variables to evolve in this way and to be constantly updated in the model results in the variability observed.

A sensitivity analysis of the results was carried out by changing fuel prices, which was considered to be one of the most uncertain variables in the model. The model was run across the scenarios at a price increase of 1% per year and 4% increase per year compared to the base run which considered a price increase of 2.6% per year. Large variations in the results are observed ranging from a 13% decrease to a 30% increase for the year 2050 across scenarios. These uncertainties require the projected FMFO prices to be used with caution but still seen as useful for exploring possible futures and ranges in prices.



Energy and Plant Fish Feed Ingredient Price Trends

When considering all future price trends, the most pronounced increase was for energy resources including crude oil and electricity with, over all scenarios, 130–160% higher prices than today. Fish price trends were comparably consistent over the four scenarios (57–76%). Together with FMFO price projections (14–92%), and in contrast to the other commodities, these were at the lower range of price increase. The price development of electricity prices was strongest under the two global scenarios. The prices of all other commodities markedly increased in both local scenarios (Table 1). Electricity price is mostly dependent on demand and supply, whereas the dependency on primary energy carrier prices is around one third of the price of electricity.

As mentioned above, scenario-specific differences in future world population size, income, capital, international trade, agricultural expansion, and technological progress are the major drivers of future prices in food commodities. The smallest increase in price for agricultural commodities was in Global Sustainability in which future demand was lowest, agricultural yield per unit area was relatively high and global trade was encouraged by low tariffs. The prices for agricultural commodities increased the most in the National Enterprise Scenario in which world population growth was high, increases in agricultural productivity were modest and international trade was restricted.



Fish Feed Composition and Price Development

The composition of fish (grower) feed was, to some degree, species-specific (Figure 4), but the overall composition of the diets for rainbow trout, sea bass/sea bream and Norwegian salmon was similar. In Europe, land animal protein was not part of salmon feed but included in diets of rainbow trout and sea bass/sea bream (Figure 4). Moreover, the feed used for sea bass and sea bream consisted of a higher proportion of fishmeal compared to other species. The comparably high share of marine ingredients for organic salmon was due to the use of fish by-products. Because these by-products are lower in protein, greater amounts were used in feed formulations. As to the traditional carp production in ponds, they were characterized by supplementary feeding of grains and wheat in addition to naturally occurring feed within the pond.
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FIGURE 4. Grower fish feed composition assumptions for selected species and the reference year 2016 based on literature and stakeholder feedback. Fishmeal and oil within organic salmon feed is deriving from fish trimmings.


A finer resolution of ingredients, for example distinguishing further between shares of plant commodities and their products such as soy protein concentrates or wheat gluten, was not feasible because we lacked future price trends for these commodities. We are well aware that the composition of feed by mid-century will be different compared to 2016 (our reference year), with potential influence on feed conversion and price. Ingredients, such as insect meal (Henry et al., 2015; Moon and Lee, 2015) or omega-3 rich oil deriving form marine microalgae or genetically modified terrestrial plants expressing algal genes (Tocher, 2015), already show high potential in substituting marine ingredients. Nevertheless, there are roadblocks to the successful market upscaling of these substitutes such as often low production volumes, high cost, and negative societal perceptions of GM ingredients in the European market (Tocher, 2015; Shepherd et al., 2017). According to stakeholder feedback, price developments of marine ingredient substitutes are not expected to lead to lower feed prices compared to the reference year 2016. This is particularly the case, if market prices between marine ingredients and their substitutes are linked, as previously suggested for soybean meal and fishmeal markets (Asche et al., 2013). As to future FMFO price trends, a demand flexibility that accounts for the presence of substitutes or alternatives to FMFO was included (see section “S – Social Factors”). This was also indirectly reflected within the future fish feed price.

When applying future price developments of single components (Table 1) to species-specific feed compositions, the general pattern of strong price increase under the National Enterprise scenario and weakest price increase under Global Sustainability was maintained. On species level, however, feed prices increased more for trout, carp and Norwegian salmon compared to sea bass/sea bream and organic salmon (Table 2) because the former three species had higher proportions of vegetable components (Figure 4).


TABLE 2. Percentage change (%) in fish feed price from the reference year 2016–2050 for all species analyzed within climate change and European aquatic resources (CERES) under the four scenarios: World Markets, National Enterprise, Global Sustainability, and Local Stewardship.

[image: Table showing fish feed prices and variations for different species across four categories: World Markets, National Enterprise, Global Sustainability, and Local Stewardship. Prices and variations are listed for rainbow trout, common carp, sea bass sea bream, organic salmon, and conventional salmon. Variations are expressed as percentages, indicating the feed price fluctuations based on historical data.]


Price Variation

Considering historical variation in prices helps define the potential volatility of prices in the future. Historical variation in fish and electricity prices were relatively small (5–6%) while those in agricultural fish feed ingredients, FM and fuel prices were more pronounced (12–15%). Historic price variation for FO was highest (19%). It is well known that most agricultural markets are characterized by a high degree of volatility tracing back to the relationship between demand, harvest variation and lagged supply response to price changes (FAO et al., 2011; Wright, 2011; Diffenbaugh et al., 2012; Figure 5A). Fish prices show less volatility and fewer price spikes than other foodstuffs and are less variable for aquaculture than capture fisheries (Tveteras et al., 2012). Asche et al. (2015) and Dahl (2017) postulated that the lower price volatility for aquaculture products reflects lower risks in output and supply compared to wild fisheries.
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FIGURE 5. Historical fish feed ingredient price trends for grains, wheat, and oilseed (A), fishmeal, fish oil, vegetable oil (B) for the respective available historical data coverage (line with dots) in USD/unit with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Data sources: crop prices: FAO Food Price Monitoring and Analysis Tool, World Bank Commodity Price Data and EC Commodity Price Dashboard, fishmeal: Indexmundi database, fish oil: commodity statistics report (Globefish, 2019).


FM volatility was found to be very low by an earlier study (Asche et al., 2015), whereas maximum fit values in historic prices resulted in potential future price variability of about 15% in the present study. Both FM and FO prices depend largely on wild fish underlying stock variation, e.g., due to the El Niño Southern Oscillation (Ubilava, 2014). Consequently, FO production is dictated by the oil-content of resource species (Tocher, 2015) and its product increasingly marketed in human supplement industry (Misund et al., 2017). During the last years, this has led to higher fish oil prices compared to FM. Additionally, this might have effected maximum price variability, which was most pronounced for FO (19%) among all feed ingredients included within the present study (Figure 5B).

With fish and feed price as key drivers of future aquaculture profitability, their price trends were also examined for single species. Historical variation in overall fish (Figure 6A) and Norwegian salmon (Figure 6B) share similar trends; variation increased with increasing price. The maximum variation was higher for Norwegian prices (13%) compared to overall fish prices (5%). Price development of a single species from a maturing commodity industry, such as Norwegian salmon, is expected to reflect the relation between input-factor and output prices or other factors such as fluctuations in production volume. Thus, Asche and Oglend (2016) reported emergent protein co-integration relationships between salmon, fishmeal and soybean prices. Exceptionally high prices in 2016 were related to deleterious impacts of sea lice and harmful algae blooms on the global salmon sector (Globefish, 2018). In addition, it does not come as surprise that the variation of historic overall fish price is lower than for a single species such as Atlantic salmon. An averaging effect of opposing price trends can be expected when these are summarized over a large number of species.


[image: Two line charts showing price trends from 1997 to 2015. Chart A: "All fish price trend" displays an increase from 3,000 to 8,000 USD per ton. Chart B: "NO salmon price trend" shows a similar upward trend. Both include shaded areas representing variability.]

FIGURE 6. Historical price trends for overall fish prices (A), and Norwegian salmon (B) for the respective available historical data coverage (line with dots) in USD/ton with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Data sources: FAO Fishery and Aquaculture Commodities statistics (fish price), NQSALMON, 2020 (salmon price).


When comparing the price variation of salmon compound feed with the allocated sum of historic single feed ingredient price variability for the same historic period, we obtained results ranging from 5.37% to 6.85% maximum variation (Figure 7). Thereby, the variation of single feed components related to Norwegian salmon feed and was very close to the price variation of the Norwegian salmon feed (6.80% vs. 6.85%). The price variation of global salmon pellet feed compared to the single feed components from Norwegian salmon feed, differed by about 15%. This could be, amongst others, explained by an averaging effect through the combination of different pellet feed mixtures and prices for the global market and/or by related currency effects. In general, there might be a delayed transfer of single raw material price changes to pellet feed prices on the market, however, the results in Figure 7 reflect that price variation based on single feed components is not very far from feed pellet price variation for the considered period.


[image: Line graph depicting salmon feed prices in USD per ton from 2003 to 2015, comparing global (blue) and Norway (red) data. Text boxes on the right show percentage variations for different periods, with single feed components in Norway varying by 6.30% (2003-2014) and 6.80% (2008-2016), global salmon pellet feed by 5.37% (2003-2014), and Norway salmon pellet feed by 6.85% (2008-2016).]

FIGURE 7. Historical fish feed price trend covering global feed prices from the company EWOS® as a feed supplier in the international aquaculture industry and Norwegian (NO) feed prices for the respective available historical data coverage (line with dots) in USD/unit with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Maximum price variability of the fit is given within table on the right and compared to that of single feed components deriving from Figures 5A,B, each for the same time period. Data sources: Salmon pellet feed prices in Norway: Norwegian Directorate of Fisheries (2020), Global salmon pellet feed prices from EWOS: (Aquaflashblog, 2015).


The magnitude of price variation applied within our analysis reflected the overall pattern of sector price volatilities described in earlier studies (Wright, 2011; Tveteras et al., 2012). However, variability in prices for specific aquaculture fish species, as shown in the example of Norwegian salmon, might markedly differ from that in overall fish price. In general, we expect the market prices of both feed and fish to increase with potential higher variability than historically observed. Additionally, fish market prices might vary more under the two economic focused scenarios (World Markets and National Enterprise, see Figure 1) due to potentially higher increases in disease and frequency of harmful algae blooms compared to the more environmental scenarios (Global Sustainability and Local Stewardship, see Figure 1). Feed price variation depends on demand and supply and if the latter originates from controlled production, such as insect meal or omega 3 rich micro algae, variation is expected to be lower than when production is based on agricultural or wild fish ingredients.




Impacts of the Different Scenario Aspects on Typical Farm Profitability

The four scenarios developed in CERES (Table 1) were applied to two, different aquaculture sectors including a highly professionalized industry (Norwegian salmon) and a rather artisanal sector (German carp) with high cultural value. The effect of future price trends and biological impact (harvest weight and feed conversion ratio changes) were examined for a typical Norwegian salmon farm with a production volume of 3,680 tons located in Nordland. Future price trends in combination with assumptions on subsidies and marketing options were applied to a German carp farm producing 20 tons per year, which can be seen as a good practice farm for this sector that predominantly consists of very small family owned farms (Lasner et al., 2020). In the following, we discuss the effect of different factors on profitability (market returns against cash costs without interests).


Norwegian Salmon Farm

For the Norwegian typical farm, changes in feed costs had the strongest negative effect on profitability, whereas the most pronounced positive effect was observed for fish price trends (Figure 8). Trends on the price of fuel, mostly used to power boats, had only a marginal effect lowering operating earnings of about 4–5% for all scenarios. The impact of changes in future electricity prices was about three times larger compared to that of fuel price trends. Other costs including, e.g., fingerling costs and labor, which were assumed to increase according to inflation rates of 2% per year, had a profound effect on profitability as well. Climate change had a positive effect on both future harvest weight and feed conversion ratio (“bio”) and increased profitability by 15–27% for the two environmental focused scenarios (Global Sustainability and Local Stewardship). When combining this effect with future prices, the overall impact was small for the Global Sustainability scenario but not for the Local Stewardship scenario where 20–50% of the effect was transferred to changes in overall profitability.


[image: Heatmap depicting NO-SAL-3680 profitability changes by category compared to 2016. Categories include Bio, Feed, Fish, Fuel, Electricity, Other, and All, with regions WM, NE, GS, LS. Colors indicate profitability change percentages from negative one hundred sixty to positive two hundred seventy-five percent. Gray indicates no data.]

FIGURE 8. Separate effects of different factors on profitability (market returns against cash costs without interests) of a typical Norwegian salmon farm under the four scenarios World Markets (WM), National Enterprise (NE), Global Sustainability (GS) and Local Stewardship (LS). Bio = harvest and feed conversion ratio changes, for an extreme cold (left column) and warm year (right column), $ = price. Upper and lower variation refers to 95% upper and lower probability ranges from Monte Carlo simulation of future price variation.


Overall, the observed changes in future profitability for mid-century under the four scenarios are not expected to be severe. Future profitability, however, was very sensitive to variation in input- and output prices based on historic price variation. With the most favorable combination of prices, a maximum increase in future (2050) profitability was possible under World Markets, National Enterprise and Local Stewardship scenarios whereas profits only slightly increased in the Global Sustainability scenario compared to 2016 (11–14%). The opposite was true under the most adverse future price development with a 70% decrease in profitability compared to 2016 under the Global Sustainability scenario and less severe losses under the other three scenarios. When considering the effect of price variability on future profitability, especially fluctuating feed and fish prices had a large impact. Most pronounced was this sensitivity for the Global Sustainability scenario reaching deviations of ± 27% from future profitability for feed price and ± 43% for fish price.



German Carp Farm

The effects of perturbations in single factors on the profitability of a good practice 20 ton carp farm in Germany (Aischgrund region, Bavaria) were different compared to the Norwegian salmon farm (Figure 9). Although the future costs of carp feed (grains and wheat), increased more pronounced than that of formulated feed (see Table 2), the effect on profitability was weaker compared to Norwegian salmon. This can be traced back to the absolute lower costs for cereal compared to formulated feed that resulted in a lower dependency on feed prices for carp farms.


[image: Heatmap showing FCP-DE-20 profitability changes by category compared to 2016. Categories include Feed, Marketing, Fish, Fish and Marketing, Fuel, Other, and Subsidies. Color scale ranges from negative one hundred forty percent (purple) to positive three hundred thirty-three percent (teal). Labels on the right are WM, NE, GS, LS.]

FIGURE 9. Separate effects of different factors on profitability (market returns against cash costs without interests) of a best practice German carp farm under the four scenarios World Markets (WM), National Enterprise (NE), Global Sustainability (GS) and Local Stewardship (LS). $ = price, M = Marketing referring to region marketing options under Protected Geographic Indications label. Upper and lower variation refers to 95% upper and lower probability ranges from Monte Carlo simulations of future price variation.


The main costs for the good practice German carp farm were fingerling costs, which were included within “other costs,” and thus, explaining part of the pronounced negative impact on profitability of this cost category. The elimination of subsidies under the World Markets scenario did not lead to more severe effects on future profitability compared to the effect of fish price developments under Global Sustainability. However, it has to be kept in mind that subsidies were maintained to the amount of 2016 and additional mid- and long-term costs were not taken into account. The impact of future fuel price trends was very similar to that of the Norwegian salmon farm (4–5% losses in profitability) and played only a marginal role. Fuel is used for vehicles and was a minor cost category in 2016 as well. Future fish price had the most positive, single effect on profitability, which was amplified in the two local (National Enterprise, Local Stewardship) scenarios, when regional marketing was taken into account. Consequently, this produced an increase in future profitability under the two local scenarios, which persisted also under unfavorable future price trends. This was attributed to the assumption that the total production volume was marketed as PGI certified carp (“Aischgründer Karpfen”), which can achieve between 15 and 30% higher returns than unlabeled carp (see Lasner et al., 2020). The opposite could be observed for the two global scenarios, where the carp farm would be less profitable when combining all future price trends and assumptions. Under optimal future price development, there was a good chance to maintain the profitability of the reference year 2016. Considering price variation per commodity, a similar effect was observed as for Norwegian salmon, as future profitability was most sensitive to the assumed price variation based on historic data for fish and feed price. Again, this effect was most pronounced under the Global Sustainability Scenario reaching deviations of ± 18% for feed and ± 32% for fish price (returns) compared to future profitability based on the projected price trends.





DISCUSSION

Climate change is and will continue to impact on food production including seafood production in complex ways. Through both direct and indirect pathways, climate change will have economic implications for growth and distribution of incomes and thus demand. In addition, aquaculture is expected to play a critical role in meeting growing global food demands in the future. Within this study, we provide an operationalized framework of plausible yet contrasting future scenarios to explore consequences of climate change as well as societal and economic trends on the aquaculture sector. The two examples of different production systems provide a first impression of the wide applicability of the presented climate change scenario implementations for the aquaculture sector. Future profitability of the typical farms examined here was less sensitive to future environmental change (warming effects on the salmon farm) and more sensitive to the future development of costs, returns (both farms) and marketing options (carp farm). These results highlight the importance of using future scenarios that include not only environmental but also, political, economic, social, technological and legal (PESTEL) dimensions. There is, however, uncertainty associated with future price developments as price dynamics presented here do not consider inter-annual strong fluctuations and describe rather general trends in commodity prices that potentially underestimate sector-specific differences. Supply shortages triggered by political events or crises may generate rapid price fluctuations with the COVID-19 pandemic being a recent example. Lower demand at restaurants led to a 30% decrease in the price of imported live-fresh seafood within the EU, but for example no significant changes in volume or prices were observed for Norwegian salmon until mid-May 2020 (Love et al., 2020). Crude oil price response varied between different phases of the pandemic and fell together with other political developments (Aloui et al., 2019). In general, responses to COVID-19 will have complex impacts on the demand and prices for fish products and other commodities (e.g., feed) and synergistic effects with climate change or other factors are conceivable as well as a (potentially long-term) focus to more locally sourced products. Moreover, in terms of building contrasting scenarios, the current magnitude of the impact of COVID-19 has likely set a new baseline on what society may define as a “plausible” future.

The results above represent future profitability of selected typical farms and are not scalable to the whole sector nor provide statistical representations. However, they allow in-depth analyses of changes and comparable benchmarking on interregional basis (Lasner et al., 2017), which we regard as valuable basis, e.g., for decision- makers. Further, environmental small-scale differences such as those observed for Norwegian salmon farms, where production occurs across a large latitudinal range (e.g., within and outside specific fjords), underscore the importance of making local projections at the farm site level (Falconer et al., 2020). In Norway, farms in the southernmost parts are expected to have a narrower safety margin with respect to temperature increase compared to those located further north (Lorentzen, 2008), and therefore would be important to be included in similar future studies in addition to the northern farm examined in the present study. Moreover, within the present study we could only include RCP4.5 model results for future harvest weight and FCR changes for Atlantic salmon reared in Norwegian waters. Effects might be different under more severe GHG emission scenarios as indicated by the study of Froehlich et al. (2018) reporting a major decline in suitable aquaculture areas for the Norwegian EEZ under RCP8.5.

Further, although farms in the north may not be exposed to conditions above the temperature tolerance of salmon, increased temperatures, may also increase the prevalence of disease and parasites, which, historically, were not an issue (Falconer et al., 2020). The colder northern regions of Norway have currently less sea lice occurrence than more southern regions of the country (Jansen et al., 2012). Potential climate-related changes in disease and parasite risk and their consequences on profitability were not included within the present study. Health impacts reducing growth and the efficiency of feed conversion and/or increasing mortality are conceivable that would decrease the available biomass for marketing and increase costs for monitoring or veterinary intervention. Abolofia et al. (2017) estimated that one additional lice per fish produced in northern Norway (the location of our typical salmon farm), could cause a ∼3% reduction in growth with related economic consequences.

Although these risks are important to consider, adapting to changes in the future environment will likely be easier for aquaculture compared to fisheries because the former sector has a greater level of control over its production. In aquaculture, feeding, breeding, disease mitigation, and within freshwater or closed systems, water availability, temperature, and quality, can be (partly) controlled. Increasing the control of specific attributes of farms, however, is often accompanied by additional costs (financial resources must be available) and sometimes technological progress.

It should be noted that a specific regional adaptation plans of the aquaculture sector were not taken into account within the present analysis. For example, the Norwegian salmon sector has already invested in innovative production systems allowing a higher level of automation or to move production further offshore (e.g., “Havfarm”) and apply semi-closed or closed systems (Lekang et al., 2016; Fløysand and Jakobsen, 2017; Fish Farmer, 2019). Especially within scenarios where emphasis is placed on economic competitiveness and profits with larger departures from today’s climate (World Markets and National Enterprise), such investment in technological solutions will be critical whether in new cage systems to withstand rougher weather conditions or better breeding/environmental monitoring to offset increased disease risk due to warming waters. In addition, the introduction of hybrid vessels [e.g., Edel aquaculture boat, Danfoss (2019)] will contribute to a lower dependency on fuel prices, which would be of particular interest under the National Enterprise scenario. On the other hand, such investments will most likely increase long-term costs.

While the Norwegian salmon sector is highly capitalized, this could be even more critical to sub-sectors with lower profit margins such as German carp farms. Here, further investments might be necessary to balance a potential increased frequency and intensity of droughts or extreme flow events in freshwater systems (Woodward et al., 2010) or potentially increased disease risk, again with different regional level impacts. The latter may have implications on mortality, growth, costs of monitoring, veterinary intervention, and, the implementation of statutory control measures, which may require the culling of stock. Strategies to remedy water shortages could include investment into additional wells, water pumps or pipelines. Such additional financial burdens, however, could lead to significant long-term losses in profitability if not balanced by higher market returns (e.g., as assumed for region marketing opportunities under the National Enterprise scenario). In addition, carp farms in Germany have high opportunity costs relying on factors such as unpaid labor (i.e., employing family members), which must also be considered in the long-term (Lasner et al., 2020). On the other hand, carp farms such as the good practice farm are often combined with crop production (Lasner et al., 2020) and are, therefore, more independent from future price developments in the cereal market than assumed in the analysis.

Besides environmental adaptive investments, further developments might be worth being considered in order to capture the multidimensional nature of aquaculture under socio-political climate change scenarios. The regulatory environment and its uncertainty may result in a substantial cost burden for aquaculture producers (Anderson et al., 2019), for example state-legislated, environmental impact studies might become obligatory for aquaculture operations if future society more closely resembles as depicted by the Global Sustainability and Local Stewardship scenarios. On the other hand, regulatory changes might offer new chances. Focusing on economic growth, the World Markets scenario was characterized by less regulated markets. This could create opportunities for new aquaculture licenses such as for recirculating or offshore systems as well as for novel feed ingredients derived for example from GM terrestrial crops (Shepherd et al., 2017). Likewise, political openness towards genetic engineering of aquaculture animals itself, for instance AquAdvantage Salmon decending from wild salmon stocks (Waltz, 2017), would also be imaginable under some scenarios. Concerning the National Enterprise scenario, the use of already existing GM species could be conceivable for European countries that are currently less restrictive regarding GMO (e.g., Bongoni, 2015), assuming that a higher regionalization in regulation is becoming effective. Under Global Sustainability and Local Stewardship, no legal push toward GMO would be expected, for political but also social and ethical reasons. Other social aspects that might contribute to regulatory elements are, for example, animal welfare criteria and related effort for producers. Beyond that, social acceptability in the context of aquaculture could also be extended to the community’s role in shaping the sector and determining its operation when issuing new licenses or renewing old ones. Such a community’s engaging role is increasingly discussed as social license to operate for the aquaculture sector (e.g., Baines and Edwards, 2018; Mather and Fanning, 2019) and would be conceivable under the two low resource scenarios with cooperative society structures (Global Sustainability and Local Stewardship). It may even become effective in combination with legal requirements for licensing.

Again, the complex interaction of different socio-political dimensions highlights the importance of considering the different PESTEL elements, and provides a more comprehensive picture of the potential impacts of climate change on (and adaptation pathways for) the sector. We urge other bio-economic studies to apply the scenarios developed here to facilitate comparison of climate change impacts on different components of the aquaculture sector. Although it is important to note that no single scenario will ever come true in its entirety (see Pinnegar et al., under review), scenarios are important tools to create awareness of potential futures.



CONCLUSION

Aquatic systems that sustain aquaculture are already effected by climate change induced alterations and projections indicate that these will be accentuated in the future. In contrast, related economic and societal trends on the sector, such as the development of production costs or marketing options, have received less attention. Recognizing that the overall adaptive capacity of the sector will determine the impact of climate change, we provide an operationalized multidimensional framework of contrasting future scenarios that aims at improving advice for adaptation planning. The presented case study results indicate that the sector might be more sensitive to the future development of feed costs, returns and marketing options compared to future environmental change (e.g., warming). Future scenarios should therefore also include political, social, legal and economic dimensions alongside the anticipated changes in the aquatic environment. We recommend the application and extension of the provided framework in order to allow comparison of different species and production systems across regions and climatic zones. The identification of the sector’s potential winners and losers is thereby especially important in the light of its expected significant contribution to providing the growing world’s population with valuable protein.
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Marine ecosystems regulate atmospheric carbon dioxide levels by transporting and storing photosynthetically fixed carbon in the ocean’s interior. In particular, the subantarctic and polar frontal zone of the Southern Ocean is a significant region for physically driven carbon uptake due to mode water formation, although it is under-studied concerning biologically mediated uptake. Regional differences in iron concentrations lead to variable carbon export from the base of the euphotic zone. Contrary to our understanding of export globally, where high productivity results in high export, naturally iron-fertilized regions exhibit low carbon export relative to their surface productivity, while HNLC (High Nutrient, Low Chlorophyll) waters emerge as a significant area for carbon export. Zooplankton, an integral part of the oceanic food web, play an important role in establishing these main carbon export regimes. In this mini review, we explore this role further by focusing on the impact of grazing and the production of fecal pellets on the carbon flux. The data coverage in the subantarctic region will be assessed by comparing two case studies - the iron-replete Kerguelen Plateau and the HNLC region south of Australia. We then discuss challenges in evaluating the contributions of zooplankton to carbon flux, namely gaps in seasonal coverage of sampling campaigns, the use of non-standardized and biased methods and under-sampling of the mesopelagic zone, an important area of carbon remineralization. More integrated approaches are necessary to improve present estimates of zooplankton-mediated carbon export in the Southern Ocean.
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INTRODUCTION
The fixation of inorganic carbon through photosynthesis by phytoplankton, and subsequent export and sequestration to deeper waters, is termed the Biological Carbon Pump (BCP). Without this process, atmospheric CO2 levels would be 200 ppm higher than they are today (Parekh et al., 2006; Henson et al., 2019), thus the BCP is a critical component of climate regulation. Zooplankton are part of the BCP, via ingestion of lower trophic levels, fecal pellet and carcass production and respiration of CO2 (Schnack-Schiel and Isla, 2005; Turner, 2015; Steinberg and Landry, 2017). Furthermore, they actively transport carbon below the thermocline during daily migration and seasonal descent to overwinter at depth (Jónasdóttir et al., 2015; Klevjer et al., 2016; Steinberg and Landry, 2017; Record et al., 2018; Boyd et al., 2019). The role of zooplankton in the BCP is well-studied in some parts of the global ocean, e.g., the North Atlantic and the oxygen minimum zones in the Pacific (Jónasdóttir et al., 2015; Cavan et al., 2017), however, is less understood in the Southern Ocean.
The Southern Ocean plays a significant role in the functioning of the Earth system (Lumpkin and Speer, 2007; Mayewski et al., 2009), and provides important ecosystem services, such as climate regulation and nutrient recycling (Millennium Ecosystem Assessment, 2005). The region between the Subtropical Front and the Polar Front encompasses a large area of the Southern Ocean (hereafter called the “subantarctic region”) and represents an important carbon sink, as the formation of intermediate and mode waters in this region contributes notably to the sequestration of atmospheric CO2 (Orsi et al., 1995; Sabine et al., 2004; Eriksen et al., 2018). Large parts of the subantarctic region are characterized by HNLC (High Nutrient, Low Chlorophyll) conditions: low iron concentrations in surface waters limit the uptake of macronutrients, such as phosphate and nitrate, and hence, restrict phytoplankton growth (Bucciarelli et al., 2001; Trull et al., 2001). In contrast, naturally iron-fertilized regions such as downstream of the Kerguelen Plateau, in the Indian sector of the Southern Ocean, are characterized by high primary production (Mosseri et al., 2008; Cavagna et al., 2015). However, high production does not always equal high carbon export as estimated from global models (e.g., Dunne et al., 2005; Laws et al., 2011) or sediment trap data (e.g., Marsay et al., 2015). Many reported an inverse relationship between primary production and export efficiency for the Southern Ocean (e.g., Maiti et al., 2013; Cavan et al., 2015; Laurenceau-Cornec et al., 2015; Le Moigne et al., 2016), which can be found at our study sites as well. While the Kerguelen Plateau is characterized as a HBLE (High Biomass, Low Export) region, the HNLC waters exhibit a relatively high carbon export below the mixed layer (Trull et al., 2001; Lam and Bishop, 2007; Ebersbach et al., 2011; Rembauville et al., 2015b). This mini review aims to understand the role that zooplankton play in establishing the characteristic carbon export regimes in the Southern Ocean by grazing on lower trophic levels and forming and repackaging sinking particles (Lam and Bishop, 2007). After a summary of the current state of knowledge, we also list contemporary knowledge gaps and propose future research priorities.



TWO CONTRASTING EXPORT REGIONS

The Kerguelen Plateau, located on the 70°E meridian, forms a naturally iron-fertilized region in the Polar Frontal Zone (PFZ) at the border of the Antarctic zone, with iron concentrations ranging from 0.45 to 0.7 nM in spring, decreasing to 0.09 nM in late summer due to phytoplankton growth (Table 1; Blain et al., 2001, 2008). This review focuses on the northern Kerguelen Plateau, which is separated from the southern part by the Fawn Trough at around 56°S (Park et al., 2014; Koubbi et al., 2016). The topography forces the Antarctic Polar Front to pass above the plateau south of the Kerguelen Islands, which introduces iron from the sediments (Blain et al., 2001), and leads to intensive seasonal phytoplankton blooms downstream of the plateau, with peaks of more than 2.5 mg Chl a m–3 (Blain et al., 2007, 2013; Rembauville et al., 2015b; Schallenberg et al., 2018). Blooms over the shallow plateau last the whole summer, while the bloom period over deep waters is only observed in spring for ∼1 month (Schallenberg et al., 2018). The dominating phytoplankton are diatoms and dinoflagellates (Armand et al., 2008; Christaki et al., 2008, 2015; Lasbleiz et al., 2016). The zooplankton community consists of large and medium-sized calanoid copepods and small copepods in the family Oithonidae (Figure 1; Carlotti et al., 2015). Non-copepod taxa account for 4–8% of the total zooplankton community, though pteropods can be abundant over the shelf (7–12% of total abundance, Carlotti et al., 2008). Although the biomass in the pelagic ecosystem is high, the export flux is generally low (<0.5 mmol POC m–2 d–1, 289 m depth), except for short-lived (<14 days) export pulses in summer (up to 1.6 mmol m–2 d–1) (Rembauville et al., 2014). Hence, the Kerguelen Plateau is considered to be an HBLE environment (Lam and Bishop, 2007; Rembauville et al., 2014).


TABLE 1. Comparison of environmental parameters and plankton groups between the HBLE Kerguelen Plateau and the HNLC waters south of Australia.
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FIGURE 1. The zooplankton-mediated carbon cycle in summer on the naturally iron-fertilized Kerguelen Plateau (a) compared to the HNLC waters around SOTS (b). On the Kerguelen Plateau, high iron levels lead to high chlorophyll a as a proxy for algae biomass at the surface. The diverse zooplankton community feeds on the sinking particle flux and acts as a “gate-keeper” to the deeper ocean by ingesting and fragmenting sinking particles and, consequently, significantly reducing the export flux out of the epipelagic. The main export particles are diatom resting spores, which bypass the intense grazing pressure, followed by fecal pellets. At SOTS, iron levels are lower and support a more diverse phytoplankton community, but with lower biomass, which, in turn, affects zooplankton community composition and biomass. The grazing pressure during summer is focused mostly on picoplankton, which leaves large particles for export. Grazing and fragmentation of particles at both sites increases nutrient recycling in the upper water column. Challenges and gaps in knowledge in aspects of the zooplankton-mediated carbon pump are highlighted.


In comparison to the Kerguelen Plateau, the HNLC waters south of Australia exhibit lower iron concentrations and phytoplankton biomass, but relatively higher POC export flux (Table 1). We focus on the region around the Southern Ocean Time Series (SOTS) site at 142°E and 47°S, which is representative of a broad HNLC region of the SAZ between 90°E and 140°E (Sedwick et al., 1999; Shadwick et al., 2015). Phytoplankton growth is limited by low iron (0.05–0.11 nM in summer/autumn and insufficient light conditions due to high cloud cover (Sedwick et al., 1999; Cassar et al., 2011). The phytoplankton community is dominated by nanoplankton and picoplankton, coccolithophorids and other prymnesiophytes (such as Phaeocystis antarctica), cyanobacteria and autotrophic flagellates (Odate and Fukuchi, 1995; Kopczynska et al., 2001; Trull et al., 2001; Eriksen et al., 2018). Diatoms are mostly lightly silicified pennate diatoms rather than centric forms (de Salas et al., 2011). Phytoplankton biomass is low throughout the year, with chlorophyll a values generally below 0.6 mg m–3 (Trull et al., 2019). This has implications for zooplankton, which is dominated by the copepod Oithona similis, foraminiferans, and appendicularians (Hunt and Hosie, 2006), rather than a community of calanoid copepods that are not able to accumulate enough resources to complete their life cycles. During summer, a small number of species of calanoid copepods, along with the pteropods Limacina spp. and regionally large blooms of the salp Salpa thompsoni, are also observed (Figure 1; Hunt and Hosie, 2006). Though primary production is low in surface waters, the total flux of POC is relatively high, e.g., 3.3 ± 1.8 mmol POC m–2 d–1 at 150 m water depth, measured with free-drifting PPS 3/3 sediment traps (Ebersbach et al., 2011).



CONTRIBUTIONS OF ZOOPLANKTON TO CARBON FLUX IN THE SUBANTARCTIC REGION


The Northern Kerguelen Plateau

On the Kerguelen Plateau, zooplankton biomass increases four-fold from winter (July-August) to mid-summer (February) (Semelkina, 1993; Razouls et al., 1996; Carlotti et al., 2015). This is caused by (1) seasonal ontogenetic migrations by large calanoid copepods, such as Rhincalanus gigas and Calanoides acutus, which spend winter in diapause in deeper waters and ascend to surface in spring and (2) an increase in other species, e.g., Calanus simillimus and the smaller Oithona spp., that resume their population development from survivors of previous years to start reproduction in spring following the phytoplankton bloom (Atkinson, 1998; Schnack-Schiel, 2001; Carlotti et al., 2015). Remarkably, mesozooplankton (200 μm–20 mm) consume only a small fraction of the phytoplankton biomass directly; e.g., Sarthou et al. (2008) measured a low ingestion of 1–10% of total Chl a d–1 by copepods in summer. In contrast, they are known to control protist growth by grazing (Carlotti et al., 2008). Heterotrophic protists, such as ciliates and some dinoflagellates in turn reduce the standing stock of pico- and nanophytoplankton and diatoms through grazing (Calbet and Landry, 2004; Calbet, 2008; Peloquin et al., 2011; Quéguiner, 2013). The grazing pressure by mesozooplankton on protozooplankton releases the top-down control on diatoms and favors phytoplankton blooms dominated by large diatoms (Henjes et al., 2007; Carlotti et al., 2015).

Additionally, zooplankton ingest and fragment particles, which enhances subsequent microbial respiration and increases the recycling of nutrients, e.g., iron (Sarthou et al., 2008) and ammonium (Mosseri et al., 2008). Grazing not only affects nutrient levels in surface waters but also the efficiency of carbon transfer (Dagg et al., 2014). The omnivorous and detritivorous zooplankton community acts as a “gate-keeper” in the mesopelagic zone (Figure 1): They ingest and fragment phytoplankton aggregates and fecal pellets that are quickly remineralized and retained in the surface layer (Iversen and Poulsen, 2007; Quéguiner, 2013; Dagg et al., 2014). Predominantly omnivorous and detritivorous copepod species in the genera Oithona and Oncaea/Triconia link the classical food web to the microbial loop (Atkinson, 1998; Pasternak et al., 2009). This efficient transfer of carbon to higher trophic levels or the microbial loop in surface waters leads to low export flux during most of the year and establishes the HBLE characteristics on the Kerguelen Plateau (Rembauville et al., 2014, 2015b). Despite the dominance of the carbon flux by fecal pellets in early spring (56 ± 19% of total carbon flux, 200 m, Laurenceau-Cornec et al., 2015), the fecal pellet flux decreases rapidly with depth, while diatom resting spores (resistant to grazing; Davis et al., 1980; Smetacek, 1985; Salter et al., 2012) and detrital aggregates dominate the deeper flux at 289 m (Cavan et al., 2019). This indicates preferential reprocessing and remineralization of fecal material over other particles in the mixed layer and upper mesopelagic, which leads to a lower fecal pellet flux similar to other iron-fertilized regions, e.g., South Georgia (Cavan et al., 2015; Rembauville et al., 2015a).



HNLC Waters South of Australia

The dominance of protozooplankton, small copepods and patchy salp blooms in HNLC waters, rather than a diverse and abundant mesozooplankton community as on the northern Kerguelen Plateau, results in control of the low phytoplankton biomass by protist grazing, and efficient remineralization of carbon and nutrients in the upper water column (Figure 1; Landry et al., 2002; Mayzaud et al., 2002; Pakhomov et al., 2002; Atkinson et al., 2004). Considering the omnivorous and detritivorous diet of Oithona similis (Takahashi et al., 2010), it would be expected that the POC export out of the epipelagic zone would be low, as ingestion and fragmentation of sinking particles increase the particle flux attenuation. However, studies such as SAZ-Sense in January/February 2007 have shown a relatively high POC transfer efficiency out of the mixed layer in the HNLC waters around SOTS, in comparison to other sites in the SAZ with higher iron levels or in the PFZ with a diatom-dominated phytoplankton community (Ebersbach et al., 2011). Even though the POC concentration was low at the surface (5.2 ± 0.9 mmol m–2 d–1), the carbon export flux at SOTS was highest in both gel traps (8.1 mmol m–2 d–1 at 290 m water depth) and PPS 3/3 sediment traps (3.3 ± 1.8 mmol m–2 d–1 at 150 m water depth) (Ebersbach et al., 2011).

The two main differences from the Kerguelen Plateau that cause the higher relative and total export flux in HNLC waters are a different zooplankton community composition and size fraction distribution (Figure 1). The dominant microzooplankton (20–200 μm) and heterotrophic nanoflagellates at SOTS can consume 82% of the primary production per day in summer (Pearce et al., 2011). This is in line with Trull et al. (2019), who estimated a 10-fold higher grazing pressure in December compared to September as a function of zooplankton biomass. This grazing pressure focuses mostly on the picoplankton size fraction (0.2–2 μm), which leaves phytoplankton aggregates and other large particles for export below the mixed layer (Pearce et al., 2011). Omnivorous and detritivorous copepods are not as abundant as on the Kerguelen Plateau, which limits their abilities to efficiently reduce the sinking flux. Consequently, more particles (11–53% of the primary production; Jacquet et al., 2011) are exported from HNLC surface waters (Figure 1), predominantly as fecal aggregates (pellets and fecal material reaggregated with phytodetritus; Ebersbach and Trull, 2008; Laurenceau-Cornec et al., 2015).

Our findings indicate that species composition and size fraction distribution are important factors in modifying the downward carbon flux and establishing a regime of low biomass at the surface but with relatively high carbon transfer efficiency. Hence, zooplankton play a more important role in the export regimes in the subantarctic region than previously thought. However, common algorithms to estimate the carbon export efficiency in the Southern Ocean, such as by Arteaga et al. (2018) or Britten et al. (2017), only include temperature, net primary production or silicate concentration and do not contain a zooplankton term. In contrast, our findings show that zooplankton, while being influenced by their physical environment and food availability, also control lower trophic levels and carbon export efficiency. Future research efforts should therefore focus on including zooplankton in the algorithms, for example as size fractions or a proportion of trophic mode (e.g., ratio between herbivore to detritivore zooplankton), and improve our estimation of carbon uptake by the Southern Ocean.



CHALLENGES AND KNOWLEDGE GAPS


Comparability of Methods, Under-Sampling of Small-Sized Zooplankton and Insufficient Seasonal Coverage

Different methodologies make it difficult to compare the zooplankton species composition and biomass between the subantarctic regions. Ship-based net deployments are temporally and spatially limited, but provide higher vertical resolution in the water column, while the Continuous Plankton Recorder (CPR) covers a large geographical area but only provides surface data and under-samples the vertical migrating community during the day (Carlotti et al., 2008, 2015; Dippner and Krause, 2013). Acoustic data provides information on distribution and biomass of certain size fractions over the whole annual cycle, but cannot provide species composition data (Trull et al., 2019). It is also important to note that both the CPR (silk mesh size 270 μm) and standard zooplankton nets with a mesh size of >200 μm are known to under-sample smaller-sized zooplankton, e.g., Oithonidae and copepodite stages (Gallienne and Robins, 2001) that dominate the community in HNLC waters. Finally, limited access to the subantarctic region due to logistical constraints results in a results in few winter datasets, as the sampling campaigns by research and supply vessels are mostly focused on the summer season.



Understudied Carbon Pathways – Zooplankton Carcass and Migratory Flux

As the literature on other high latitude systems suggests, zooplankton carcass flux can be a seasonally significant contribution to total carbon flux (Sampei et al., 2012; Daase et al., 2014; Tang and Elliott, 2014). However, data on drivers and rates of mortality and carcass flux from the Southern Ocean are currently not available. The lack of data could lead to an underestimation of carbon flux, especially in the HNLC waters, where fast-sinking salp blooms could significantly increase the downward carbon flux as “jelly falls,” e.g., by 330% in the Tasman Sea further north (Henschke et al., 2013). Similarly, active transport of carbon by zooplankton, both by diel and seasonal vertical migrators, is not well understood. Translating the seasonal changes in the distribution of acoustic scattering layers into transported carbon is not possible without information on species composition (Trull et al., 2019).



The “Black Box”: The Mesopelagic Zone

The transfer efficiency of organic matter through the mesopelagic (∼200–1000 m) is driven by plankton species composition in the epi- and mesopelagic (Lam et al., 2011). Studies such as Liszka et al. (2019); Manno et al. (2015) and Marsay et al. (2015) suggest that vertical distribution of zooplankton, community composition, and feeding behavior, along with temperature in the mesopelagic, are important in shaping the downward carbon flux. However, mesopelagic processes, such as respiration and remineralization of organic material and food web interactions, are not well understood (Robinson et al., 2010). Sampling campaigns in both regions rarely include the mesopelagic: while zooplankton studies on the Kerguelen Plateau focus on the upper 300 m of the water column, zooplankton data in the HNLC waters around SOTS were either collected from surface waters or from deeper, moored sediment traps. To increase our understanding of interactions between mesopelagic zooplankton, protists and bacteria, and their influence on particle formation and remineralization, future sampling campaigns need to focus on the mesopelagic.



CONCLUSION AND OUTLOOK

Zooplankton play an important role in the carbon flux of both subantarctic regions. On the Kerguelen Plateau, grazing by the mesozooplankton community limits protozooplankton growth, which releases the grazing pressure on phytoplankton. Zooplankton also fragment particles, leading to increased nutrient recycling, and contribute to the carbon flux by producing fecal pellets. High rates of omnivory and detritivory result in a low export flux and establish the HBLE conditions on the plateau. In contrast, the dominance of smaller-sized zooplankton and heterotrophic protists in HNLC waters leads to high grazing pressure on picoplankton, which leaves large aggregates and fecal pellets for export. The lower total abundance of detritus-feeders results in a larger export of fecal aggregates. Knowledge gaps, resulting from limited seasonal coverage, non-standardization and bias of methods between sampling campaigns, and under-sampling of the mesopelagic zone, impede our understanding of zooplankton-mediated carbon flux, especially of the carcass and migratory flux. To predict future changes in marine carbon storage efficiency, it is important to focus research efforts on the zooplankton-mediated carbon flux. The inclusion of, for example, zooplankton size fractions or trophic modes in algorithms can refine predictions of carbon export in the Southern Ocean. More integrated research approaches, e.g., using the network of biogeochemical Argo floats in combination with stationary moorings (e.g., Rembauville et al., 2017; Trull et al., 2019), are necessary to improve inter-seasonal and spatial data coverage of the Biological Carbon Pump in the Southern Ocean.
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In the face of global change, the exploration of possible futures of marine social-ecological systems (MSES) becomes increasingly important. A variety of models aims at improving our understanding of ecosystem dynamics and complexities by assessing how systems react to internal and external drivers of change. However, these models are often built from a natural-science perspective through a reductionist and top-down knowledge production process that does not engage with the interests, concerns and knowledge of stakeholders. Our work explores different futures of the Peruvian MSES tied to the Humboldt Current Upwelling System (HCUS) through a sequential integrative participatory scenario process. The methodology used opens novel ways to explore, at different contextual levels, the uncertainties of the future and, in doing so, to include diverging world views of different actors. This approach implies a broader social processing of scientific projections about the future and encourages the articulation of different notions of sustainability. We thereby contribute to current scientific discussions on scenario planning in MSES by exploring potential futures through the analysis of narratives, a process that helps to identify plausible future development pathways that can inform different types of ecosystem modeling or policy making.
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INTRODUCTION
In a world of rapid global change and multiple anthropogenic pressures affecting social-ecological systems (SES) in many dimensions, looking into the future becomes critical. Necessary transformations toward a more sustainable society are confronted with deep-seated uncertainties regarding economic, environmental, social and technical developments that will affect society and its natural environment in the coming decades (Priess et al., 2018). In the context of climate change, a particular focus is directed to the mitigation and adaptation capacities of communities to ensure viable policies, robustness of planning and political legitimacy (Larsen and Gunnarsson-Östling, 2009; McNamara and Buggy, 2017).
Scenario development has long been identified as a tool to tackle this multi-faceted task and explore the possible futures and associated impacts of SES (Börjeson et al., 2006; Kebede et al., 2018). Developing future scenarios to understand risks and uncertainties, has been part of the framework of “futurology” since the 1970s, with the Club of Rome’s report on “The Limits to Growth” (Meadows et al., 1972) as its preeminent example. Thenceforth, future studies have moved forward and both methods and theories have multiplied, being summarized in several works (Oteros-Rozas et al., 2015; Minkkinen, 2020). Scenario development has become a common tool in global environmental assessments (Millennium Ecosystem Assessment [MA], 2005; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services [IPBES], 2015) and has been used widely in environmental and climate change studies over the last decades (Priess et al., 2018) mainly driven by the use of scenarios by the Intergovernmental Panel on Climate Change (IPCC). Today, scenarios are globally used as a key method for identifying plausible futures with medium- and long-term horizons (Saito et al., 2019) and stimulating reflective processes that can contribute to decision-making (Pereira et al., 2019).
Notwithstanding this renewed interest in scenario development, the theoretical foundations of future studies more broadly remain disputed. It is hardly surprising that a future which is conceived as being open to some extent leads to uncertainties and discussions when it comes to robust and reliable methodologies to explore this openness. Yet there are a number of widely shared practices and several plausible attempts to structure the field in theoretical terms, according to different criteria and multiple purposes (Minkkinen, 2020).
In an environmental sciences context, the appeal of quantitative approaches, forecasting, mathematical calculation and modeling is strong. Such probabilistic approaches, however, have great difficulties to integrate uncertainties that have not been measured with precision or consistency or are inherently difficult to quantify (deep uncertainties); and to capture context-specific problems like socio-economic and cultural dynamics entangled with complex processes of meaning-making and normative symbolic orders. These phenomena are commonplace in the social-ecological field, and therefore the use of scenarios has moved toward an integrated analysis of both, environmental and socio-economic change, with a growing complexity in recent years (Kebede et al., 2018). The latest IPCC report (IPCC AR5), for example, considers climate, socio-economic and policy dimension of changes with its scenario framework combining greenhouse gas concentration pathways, socio-economic trajectories and shared policy assumptions (Intergovernmental Panel on Climate Change [IPCC], 2014).
In methodological terms, this growing complexity and need for integration has led to approaches that bring quantitative methods together with qualitative, interpretive and participatory methods (Rosenberg et al., 2014) that try to account for the knowledge, values, and experiences of different types of stakeholders and experts (Alcamo, 2001; Biggs et al., 2007; Butler et al., 2014; Hemmerling et al., 2019). According to Badjeck et al. (2011), thinking about the future through qualitative (or combined) scenarios can follow three basic modes: (1) predictive, in which actors aim to find the most likely development in the future usually based on present trends; (2) normative, focusing on desirable futures and possible paths that could lead to obtaining those goals; and (3) explorative, characterized by being open (“what could the future be?”), allowing to deal with high levels of uncertainty and ambiguity and encouraging creative thinking (cf. Pereira et al., 2019).
In this paper, we make use of exploratory scenarios, largely based on qualitative research. Hence, in line with many other authors, we do not aim at forecasts or predictions, but see scenarios rather as plausible descriptions of how the future might unfold, based on a coherent and internally consistent set of assumptions about key uncertainties and drivers of change (Millennium Ecosystem Assessment [MA], 2005; Palomo et al., 2011; Hamann et al., 2012; Kebede et al., 2018; Saito et al., 2019). Scenario construction in this sense is based on the premise that the future cannot be predicted but rather shaped (Venturini et al., 2019) and that the exploration about what could happen might be a useful “rehearsal” for the future.
As documented by Oteros-Rozas et al. (2015), the scenario making exercise typically involves the development of three to five scenarios each one shaped by a different constellation of drivers of changes identified through participatory methods and ranked based on their impact, probability of influence, importance and/or relevance for a given SES. Each scenario is at the end a reasonably coherent narrative about how the future might unfold in a given constellation of drivers. This narrative is generally constructed by a group of actors sharing experiences and insights in a creative and collaborative way, bringing in different perspectives and aspirations. Narratives in this sense are not the grand discourses of environmental governance or the paradigmatic “story lines” (Hajer, 1995) of ecological modernization. They are meaningful ways to assemble assumptions about social-ecological trajectories, to make sense of experiences and connect them to possible futures, by a person or a certain group of people. As such, they are bound to subjective, collective and cultural positions and processes (Wollenberg et al., 2000); they are of course imbued with larger questions of power (Nilsson et al., 2017) and, as a result, there will always be “competing narratives of sustainability” (Bremer and Funtowicz, 2015). For these reasons, the use of participatory methods and a local embedding of scenario processes are very relevant.
This task brings up two further questions: how to downscale, and how to integrate different types of knowledge. Traditionally, regional and local information has been obtained through the downscaling of global or national scenarios to smaller scales (Kebede et al., 2018; Ford et al., 2019; Karner et al., 2019; Kok et al., 2019; Mitter et al., 2019). However, Kok et al. (2019) have criticized that most attempts do not go beyond a case study implementation to test conceptual recommendations across complex systems, scales, and scenarios. Moreover, although downscaling is said to facilitate comparability between different case studies (Ebi et al., 2014), attempts to adapt global narratives of change to fit local contexts can be problematic in several respect. First, in spatial terms, global models tend to produce (world) subregions that are still far apart from the differences in everyday perceptions and experiences in terms of natural resource use, let alone patterns of the socio-political and cultural fabric. Second, for the purposes of community members or policy makers alike, global scenarios usually perform on large temporal scales (e.g., 50 or 100 years into the future). Hence assumptions become broader and simpler and results are more generalized which can make them useless, or at least meaningless in practical terms (Kebede et al., 2018). Finally, and this brings us to our second question, using IPCC’s or other global science-based scenarios as a guiding framework can be seen as a restricted approach as these scenarios all have been constructed according to the principles of one and the same system of knowledge production, namely “modern,” “Western” science, a positivistic endeavor, socially inert and politically neutral in its self-understanding, but rather narrow-minded, hegemonic and made of “farfetched facts” (Rottenburg, 2009) in the view of its contenders.
Against this background, several scholars have highlighted the need to develop methodologies that allow communities to frame their own visions of the future and (co-)produce regionally and locally relevant information (Saito et al., 2019). Locally based future visions are specially needed to include “traditional ecological knowledge” (Oteros-Rozas et al., 2015) or “indigenous knowledge” (Agrawal, 1995). Furthermore, we note that there is a growing interest also in social-ecological research to develop new modes of knowledge collaboration and “co-creation processes” in the context of future scenarios (Galafassi et al., 2018; Obermeister, 2019).
These developments in the broader debate on social-ecological scenarios are becoming visible in the field of MSES. Traditionally, the focus of scenarios for MSES has been on the analysis of single drivers of changes like coastal planning under climate change (Tompkins et al., 2008), commercial species or the increased demand for fish (Cheung et al., 2011; Béné et al., 2015). Only few studies have attempted to explore several drivers simultaneously, e.g., the work of Maury et al. (2017) in which they used scenario development to explore the future of the tuna fisheries along economic, fisheries management and global governance perspectives. Moreover, bigger projects such as Radical Ocean Futures aiming at imagining the potential future of the oceans through scientifically grounded science fiction narratives also lack contextualization (Pereira et al., 2019).
In this study, we first present a methodology (see section “Materials and Methods”) that despite having its starting point in common methods of scenario making (i.e., axis technique) allows for a contextualization of uncertainties and for the integration of different knowledge systems and notions about the future (see section “Discussion”). We illustrate the methods with an application to the Humboldt Current Upwelling System (HCUS) of Peru. To the best of our knowledge, this is the first attempt of future studies in Peruvian MSES despite the increasing attention that future studies have had in Peru over the last decade (Instituto Nacional de Recursos Naturales [INRENA], 2008; Centro Nacional de Planeamiento Estratégico [Ceplan], 2014, 2019; Evans et al., 2014; Blancas et al., 2018). Given the great significance of fisheries in the country in social and economic terms and the ongoing changes in the Humboldt Current Upwelling System (see section “A descriptive Case Study: The Northern Humboldt Current Upwelling System”), integrative scenario development seems a fruitful endeavor. Therefore, our declared aim was to develop explorative scenarios, constructing narratives that deepen the understanding of the dynamics shaping the Humboldt Current Upwelling System, and also to refine and enrich the general visions on a regional scale. In section “Results” we present four collaboratively built narratives about trajectories of change over a 20-year period and their contextualization in regional settings. A further aim was to provide a collaborative space for co-learning and strengthening links among and between researchers, policy makers and users.



A DESCRIPTIVE CASE STUDY: THE NORTHERN HUMBOLDT CURRENT UPWELLING SYSTEM

The Humboldt Current Upwelling System (HCUS), stretching from southern Chile to northern Peru, is one of the world’s most productive marine ecosystems. This high productivity is created by coastal upwelling, transporting cold, nutrient-rich waters from deeper layer to the ocean’s surface providing the basis for a high primary and fishery productivity. With an average annual capture production of 6,4 × 106 tons (for the period 2005–2014), Peru ranks as the second most important fisheries producer worldwide (after China), mainly due to the landings of the Peruvian anchovy Engraulis ringens, which represents 85% of annual catches (Food and Agriculture Organization of the United Nations [FAO], 2018). The fisheries sector represents Peru’s second important sector after mining, contributing between 0.7 and 1.5% to the country’s GDP [for the period 2008–2017. Note that the fishing sector as an economic sector within the national GDP, only corresponds to the extraction phase; the transformation (i.e., manufacture of fishmeal and fish oil, fish processing and preservation) is included in the manufacturing sector; Ministerio de la Producción [PRODUCE], 2018]. Targeting more than 300 species (Guevara-Carrasco and Bertrand, 2017), Peruvian small-scale fisheries (SSF) landings represent only about 9% of the national total (Mendo and Wosnitza-Mendo, 2014), though the sector provides the majority of fish for domestic human consumption (26% of animal protein; Béné, 2006) and employs four times more people than the industrial fisheries (Alvarez, 2003).

In the region Ica in the south of Peru (see Figure 11), both industrial and small-scale2 fisheries represent important ocean-based livelihoods, with Pisco ranking third when it comes to landings of the Peruvian anchoveta (Engraulis ringens) for fish meal and oil production, as well as for overall landings (in 2017; Ministerio de la Producción [PRODUCE], 2018, p. 57). Other important fisheries target species include the Eastern pacific bonito (Sarda chiliensis chiliensis), the Chub mackerel (Scomber japonicus), Cabinza grunt (Isacia conceptionis), Jack mackerel (Trachurus murphyi) and octopods (Octopus mimus) (Castillo et al., 2018, p. 323). Fishing and post-harvest processes provide labor and income to thousands of people in the region. Pisco has the fourth highest number of processing plants for the production of fish meal/oil as well as for the processing of fish and shellfish for direct human consumption (in 2017; Ministerio de la Producción [PRODUCE], 2018, p. 141). Moreover, aquaculture takes place, with 192 ha (in 2017) being officially designated to the culture of the Peruvian bay scallop (Argopecten purpuratus) (Ministerio de la Producción [PRODUCE], 2018, p. 178).
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FIGURE 1. Overview map of Peru, indicating the country’s capital Lima and the region of Ica (panel to the left); Peru in the context of the Latin American continent (panel to the upper right); the study setting Pisco province, indicating the two National Reserves (dashed line) (panel to the lower right).


Additionally, the region hosts a flourishing tourist sector, being the third most important region visited by foreign tourists (Comisión de Promoción del Perú para la Exportación y el Turismo [PROMPERÚ], 2017) and receiving up to 3 million national and 0.5 million international visitors per year (in 2018; Ministerio de Comercio Exterior y Turismo [MINCETUR], 2019). The two National Reserves of Islas Ballestas and Paracas, situated at the coast of Pisco province (see Figure 1), are the most frequently visited National Reserves (on the national level; Servicio Nacional de Áreas Naturales Protegidas (Sernanp), 2020). The great biodiversity of birds and sea mammals together with the beaches and sand dunes allow for all kind of recreational activities. The region Ica is also renowned for its agricultural production, with main crops being corn and (sweet) potatoes, grapes, asparagus and tomatoes (Ministerio de Agricultura y riego [MINAGRI], 2018).

Impacts of climate change on eastern boundary upwelling systems (including the HCUS) were argued to likely be profound, though difficult to forecast, because environmental variability is progressively expanding its earlier ranges (Bakun et al., 2015). There is still considerable debate as to whether or not climate change will drive an intensification (Bakun and Weeks, 2008; Narayan et al., 2010; Bakun et al., 2015; Xiu et al., 2018) or decline (Barton et al., 2013) of upwelling in these systems, including the HCUS. Moreover, the HCUS is exposed to the interannual environmental variability induced by the El Niño Southern Oscillation (ENSO) dynamics, affecting both the marine and terrestrial environment and damaging human settlements and their livelihoods along the entire coast. Also, whether or not climate change will induce an intensification and/or increase in frequency of occurrence of El Niño events is still under debate (e.g., Bakun and Weeks, 2008; Collins et al., 2010; Vecchi and Wittenberg, 2010; L’Heureux, 2018), though for some regions, the effects of ENSO events were suggested to be reinforced by climate change effects (Fasullo et al., 2018).

During its warm phase (El Niño), a cessation in upwelling drastically increases ocean temperatures and reduces primary productivity, while extreme rainfalls and flooding occur in an otherwise arid coast. Effects on the marine living resources and depending fisheries are multifold. While some species struggle to find enough food in times of reduced primary productivity (e.g., anchovies; Ñiquen et al., 1999; Bertrand et al., 2004), others thrive under increasing water temperatures, resulting in an immigration of offshore and tropical species to near-shore regions (e.g., Chub mackerel Scomber japonicus and Jack mackerel Trachurus murphyi; Ñiquen et al., 1999). The province of Pisco was also selected as a study setting for this work because effects on the near-shore habitats were, in the past, reportedly very different than that of the upwelling system. In the region, many benthic species suffered from almost tropical conditions (e.g., macroalgae, crabs), while others flourished (e.g., scallops, sea stars, and sea urchins) (Taylor et al., 2008). The Peruvian bay scallop (Argopecten purpuratus), increasing fiftyfold in biomass during the El Niño 1983/84 stipulating a “gold-rush” environment for fishers from all over the country hurrying to make use of this opportunity, is a particular example for effects on fisheries (e.g., Wolff, 1984; Meltzoff et al., 2005; Wolff et al., 2007; Badjeck, 2008; Gonzalez, 2009).

So far, most research has aimed to understand consequences of environmental variability on Peruvian fisheries through a natural science lens, with little attention to the human dimension (but see Meltzoff et al., 2005; Badjeck, 2008; Gonzalez, 2009; Kluger et al., 2018). Given the socio-economic importance of the HCUS and its resources, and the uncertainty associated with foreseeing future disruptive events and climate change effects, the setting provides a rich case for studying possible futures and consequences thereof through a participatory scenario approach.



MATERIALS AND METHODS

Several literature reviews have emphasized the lack of a single, unifying approach to scenario development while pointing to a number of shared characteristics of existing approaches: the identification of key drivers in a systematic way and their ranking in terms of importance and uncertainty (Amer et al., 2013; Oteros-Rozas et al., 2015). Our work adapts the framework developed by Chermack (2011) to the needs of our study setting (see Figure 2). The first step drew from a two phase online survey as to integrate knowledge from different perspectives in the identification and ranking of drivers of change (see section “Identifying Drivers of Change: Reaching Out Through Online Surveys”); the second step used a participatory stakeholder workshop for developing the scenarios and respective narratives based on a four-cell matrix (see Figure 3) (see section “Developing the Scenarios: A Participatory Stakeholder Workshop”); in a third step, these narratives were enriched and, indeed, confronted with insights, perceptions and interpretations of resource users from the two regional study settings in a series of focus group discussions (see section “Contextualizing the Scenarios: Enriching Scenario Narratives With Vision of Local Stakeholders in Focus Group Discussions”). The combination of these different participative methods allowed us to use a gradual approach to explore the future of the HCUS in collaboration with different stakeholders.
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FIGURE 2. Scheme of the designed participatory method, being divided in three steps. For each step, the sample size and a brief description of the main aim is provided. From top to the bottom: (1) the first step consisted of a two-phase online survey and in between coding of answers (sections “Identifying Drivers of Change: Reaching Out Through Online Surveys” and “Online Survey” of this manuscript); (2) the second step comprised of a central workshop (sections “Developing the Scenarios: A Participatory Stakeholder Workshop” and “Central Workshop”); and (3) the third step included several Focus Group Discussions (FGD) in two coastal regions of Peru (Piura in the north and Pisco in the south; section “Contextualizing the Scenarios: Enriching Scenarios Narratives With Visions of Local Stakeholders in Focus Group Discussions” and “Focus Group Discussions”).
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FIGURE 3. Drivers of the axis limiting the quadrants in which each pair of groups (A-A′,B-B′,C-C′,D-D′) of the central workshop elaborated the narratives (cf. section “Developing the Scenarios: A Participatory Stakeholder Workshop”).



Identifying Drivers of Change: Reaching Out Through Online Surveys

A two-phase online survey was used to identify potential environmental and socio-economic drivers of change (i.e., “any natural or human-induced factor that directly or indirectly causes a change in an ecosystem,” Millennium Ecosystem Assessment [MA], 2005, p. 87) of the HCUS in the future (i.e., 20 years) and their perceived uncertainty and impact. An online survey was used to reach a large number of people (Voinov et al., 2018). It was constructed in English and Spanish using the statistical survey tool LimeSurvey3 (LimeSurvey Project Team/Carsten Schmitz, 2012), and consisted of two phases that were open to responses for a 3 weeks’ period each during September–November 2019.

Potential participants were selected based on whether they were working in the Peruvian marine-coastal environmental sector, be it through research (local and international scientists working on marine-related issues), industry, governmental (representatives of ministries relating to the marine-coastal space) or non-governmental institutions (local and international NGOs). The selection relied on a sampling strategy with multiple entries, i.e., previous professional contacts of the authors, project colleagues, and contacts provided by survey respondents.

For the first survey phase, potential participants (n = 143) were invited through an email to which an informative summary document of the research process was attached. Out of 143 contacted persons, 49 responded (response rate: 34%). The first phase’s survey entailed two modules. First, respondent’s sociodemographic information was explored, including gender, age, level of completed formal education, current employment sector and country of work and experience working on marine-coastal environments. The majority of survey participants were male, researchers, and specialized in marine ecology and marine governance topics (see Supplementary Material 1). Second, respondents were asked to list as many environmental and socio-economic factors as they thought would influence the marine-coastal environment in 20 years. For each factor, participants were requested to provide a short explanation on the effect (for details on the survey see Supplementary Material 2). After terminating the first online round, results were analyzed by the first two authors as to standardize and code the answers, and to then cluster them into two categories: general and specific. To ensure rigor, participants’ answers were coded separately by the two first authors, to then discuss all drivers’ coding through several consensus-building exercises. Whenever disagreement persisted, the other authors engaged in the coding process until an agreement was reached. Overall, the inventory of drivers of change identified contained a total number of 53 drivers of change, 22 environmental and 31 socio-economic (see Table 1) organized in 10 and 12 general categories respectively (see Supplementary Material 3). For the second survey phase, all (potential) participants despite their (non)-participation in the previous phase were contacted again, only excluding those who had disagreed on being written to again (all but two persons; n = 141). In this phase, about a third of the contacted people participated (51 of the 141 contacted; response rate: 36%). The results of the first phase (i.e., the list of specific drivers constructed by the first two authors; see Table 1) were used to ask respondents to evaluate the perceived certainty of occurrence of each driver and the magnitude of its impact on the future MSES, based on a five-level scale (see Supplementary Material 4). To avoid positional effects, the order of drivers was randomized for each participant. After terminating this second online survey, mean values of all drivers were plotted along the two scales (certainty of occurrence, impact level) as to visually inspect distribution patterns. The list of driver categories and Figure 4 were visualized in the R environment (R Core Team, 2019) using the ggplot2 (Wickham, 2016), dplyr (Wickham et al., 2019), viridis (Garnier, 2018), RColorBrewer (Neuwirth, 2014), and cowplot (Wilke, 2019) packages.


TABLE 1. List of drivers resulting from the coding exercise analysis of the first step (cf. section “Identifying Drivers of Change: Reaching Out Through Online Surveys”.

[image: A table listing codes, names, and definitions related to environmental and societal changes. Topics include algae blooms, atmospheric processes, coastal changes, ecosystem functioning, species distribution, fossil fuel availability, human population growth, economic activities, and regulatory frameworks. Definitions describe phenomena such as ocean warming, sea-level rise, species composition, illegal fishing, and pollution. Each entry is structured with a code, corresponding name, and detailed definition.]

[image: Panel A shows a scatter plot with two scales: certainty of occurrence (x-axis) and impact level (y-axis). Data points are categorized into driver groups SOC (blue) and ENV (orange). Panel B contains two bar charts depicting the number of answers for these driver groups across different scales: certainty of occurrence and impact level. The SOC group has more variation in high certainty and impact.]

FIGURE 4. Results of the second step of the scenario scoping approach (cf. section “Identifying Drivers of Change: Reaching Out Through Online Surveys”). (A) Scatterplot of individual environmental (orange) and socio-economic (blue) drivers along the level of certainty and impact based on a five level likert scale. (B) Number of answers received per level of likert scale (being 1 = Not at all; 2 = Not much; 3 = Intermediate; 4 = Moderate; 5 = High) for the environmental (orange) and socio-economic (blue) drivers grouped.




Developing the Scenarios: A Participatory Stakeholder Workshop

The cumulative survey results were then used to construct different narratives of potential futures in the course of a participatory stakeholder workshop that took place in November 2019 in Lima, Peru (central workshop hereinafter). Central workshop participants (n = 33; of which 19 had been invited to participate in the survey but only 12 had answered) from diverse backgrounds (scientists, representatives of NGO, governmental bodies, and the fisheries sectors) were asked to imagine four alternative futures (see Figure 3).

Before this central workshop, the first two authors used the scatter plot (see Figure 4A) to select those three drivers ranking highest on both scales (i.e., high certainty, high impact: pollution [SOC24], (coastal) human population growth [SOC02], and expansion and diversification of coastal use [SOC06]) to define the boundary conditions for the discussion of possible futures. Second, drivers with the (relatively) highest potential impact and the lowest certainty were identified, with the aim to select from those one environmental and one social driver that should form the axis of the four-cell matrix to be discussed by central workshop participants (cf. Figure 3). Among a group of very closely ranked drivers, we selected two drivers (ocean currents [ENV04] and social cohesion [SOC29]) based on the frequency with which they were mentioned in the first step of the online survey (see Supplementary Material 3). Due to practical reasons, like the better understanding of the drivers to participants, the drivers were later presented under slightly modified names: ocean variability and organizational capacity (the way we refer to them from now on).

In the central workshop, the methodology and results from the online surveys were first presented by the research team. Then, each contextual frame of the four-cell matrix (see Figure 3) was discussed by two of eight heterogeneous (i.e., including people with different expertise) groups (with n = 3–5). Each group was asked to discuss for half an hour how the given guidelines (based on the drivers of change mentioned; cf. Supplementary Material 5) would affect the future of the HCUS within a timeline of 20 years. Being asked to note the most important points onto a flipchart, participants also had to agree on a title for their scenario. Then, groups were prompted to discuss questions concerning emerging challenges and sustainability implications for their scenario: What are the challenges for the public policy/civil society/research and technological development that your scenario implies? How could the public policy/civil society/research and technological development promote sustainability in your scenario? After 45 min the exercise was completed, and a representative of each group was invited to share the scenario developed in his∗her group with the whole audience.

These presentations were recorded (with the verbal consent of participants) to be afterward analyzed – together with the flipchart content – by the first two authors as to derive consistent narratives for the four scenarios (as presented in section “Central Workshop”).



Contextualizing the Scenarios: Enriching Scenario Narratives With Vision of Local Stakeholders in Focus Group Discussions

In their majority, actors in the central workshop represented central and national institutions (such as representatives from governmental agencies), hence privileging a centralized vision on the Peruvian marine-coastal environment. Thus, in the third step of our research process we took the results of the scenario exercise to actors in two study regions with the aim to contrast and complement the narratives formulated in the central workshop with the vision of regional actors (fishers, mussel farmers, tourism operators, regional state representatives, practitioners). We conducted a total of ten focus group discussions (FGD) in the regions of Ica and Piura (cf. Figure 1) between late November and early December 2019 (cf. Figure 2). Events with fishers and regional entities were held separately in both study areas as to encourage freedom of speech.

To open the discussion on how the Peruvian MSES might look like in the future, FGD participants were asked to imagine different specific situations that linked back to the key environmental and socio-economic drivers used for the four-cell matrix discussed in the central workshop. To concretize these drivers, we used examples for both gradual and erratic environmental (ocean) change such as the disappearance of a certain key species or changes in wind patterns for the environmental sphere and massive migration toward the coast or shifts in seafood market prices for the socio-economic dimension. Additionally, the response to those circumstances was explored at different levels of social organization through questions on how participants expected the state, their social organization and themselves to deal with the new situations. Emerging common themes were explored and comparatively discussed in the context of the previously constructed scenario narratives.

For the purpose of providing exemplary insights into diverging and converging interpretations and positions with regard to the topics covered in both central and study regions workshop initiatives, we draw in the following on the focus groups held with the marine resource users (fishers) in the province of Pisco (Ica region). Participants were mostly male artisanal fishers (n = 12; only one woman was present) and a diversity of fishing gears and fishing practices was represented such as artisanal fishers of anchoveta (Engraulis ringens) from San Andrés, fishers targeting multiple species from Chincha and non-embarked fishers (i.e., fishers that fish from the shore or very close from it without a vessel) from Camacho. Two of the three FGD were heterogenous in spatial terms (i.e., including fishers from different parts of the region) while the remaining third group was homogeneous. Discussions in FGD were about 60–90 min long and guided by the authors, purposefully engaging in the emerging discussions and remaining flexible with regard to their structure. Data was coded by the first author aiming at the identification of general topics that allowed the structuring of the material and the identification of convergences and differences among participants’ answers.

A detailed, in-depth analysis of stakeholders contrasting visions using material from all FGDs is part of an ongoing, complementary discussions among the authors and will be published in a separate manuscript.




RESULTS


Online Survey


Phase I

The number of answers per category was 107 for the environmental system and 207 for the socio-economic one. The median of drivers mentioned by participants was 4 for the environmental and 3 for the socio-economic. Resulting in the identification of a total number of 53 drivers of change: 22 environmental and 31 socio-economic (see Table 1) organized in 10 and 12 general categories respectively (see Supplementary Material 3).

Interestingly, climate change appeared as a common global phenomenon umbrella, cross cutting all but two environmental drivers (see Supplementary Material 3; [ENV21] and [ENV19]). However, regarding socio-economic drivers of change only a few answers appeared connected to global phenomena; for instance, the demand and offer of seafood/fish meal/oil were linked to market forces or drivers such as SOC19 and SOC27 that were connected to governability.



Phase II

A slightly smaller number of participants answered the ranking questions for socio-economic drivers (63%) than for the environmental ones (68%) despite the higher return of socio-economic answers in the previous phase. The percentage of participants replying to the questions about impact level and certainty of occurrence did not differ. Moreover, a higher number of socio-economic drivers were ranked as having a big impact when compared to environmental ones; the same holds true for the level of certainty (see Figure 4B).

Environmental drivers appeared more lineally distributed on the impact/certainty sphere (see Figure 4A in orange) than socio-economic drivers (see Figure 4A in blue). For the latest, two clusters are distinguished. One group, together with the majority of environmental drivers (except for ENV21, ENV12), fell into the top right quadrant, were impact and certainty are high; the other distinguished group of socio-economic drivers clustered in the center, were impact and certainty are intermediate (see Figure 4A in blue).




Central Workshop

The vertical axis of the four-cell matrix used as an input for the central workshop (i.e., Figure 3) represented the environmental variability of the ocean that could in the future evolve in two directions: (1) a “gradual ocean change with low variability” defined as an environment where the sea temperature gradually increased, changing marine species composition and abundance but the gradual increase allows predictability with models; and (2) a “high and erratic ocean variability” referring to unstable environmental patterns leading to unpredictable changes (i.e., strong fluctuations in environmental conditions). The horizontal axis represented two extremes in organizational capacity: one where formal and informal institutions are well developed and one in which the organizational capacity is low. The implication on what the organizational capacity meant, for example when it came to the enforcement or effectiveness of norms in place was left open for interpretation. On top of this, as described in detail in section “Developing the Scenarios: A Participatory Stakeholder Workshop,” three other drivers of change (i.e., pollution, (coastal) human population growth and expansion and diversification of coastal use) made up the boundary conditions. As a result, in all futures pollution, especially plastic, industrial and urban pollution, are affecting fishing and coastal activities (tourism, oil exploitation and urban development) in addition to human health.

In the central workshop, the following four scenarios were constructed by the participants. The narratives and titles of the scenarios are an accurate synthesis and translation from the existing options that participants provided, however, they have not yet been checked with participants.


Scenario A: “Together, Adaptation Is Possible”

In 20 years’ time, the use of the ecosystem services and resources of the HCUS has intensified. Ocean characteristics such as water temperature and species composition and distribution are highly fluctuating spatially and temporally. This has increased the uncertainty for research and technology to develop models and address the existing problems. As a result, extreme events are stronger and more frequent, increasing the vulnerability of coastal human communities due to strong rains and subsequent flooding; furthermore, fisheries have to deal with changing natural habitats and reproductive spaces of key valuable species. The demand for primary products exports from Peru is significantly higher and informal settlements in coastal areas have grown. At the same time, conflicts between fishers and industries such as tourism and oil exploitation are taking place due to the weak intersectoral coordination of public policy regarding spatial planning. However, the organizational capacity is strong, reflected in a stronger collaboration between society and science, a high user’s awareness of the importance of sustainable use of resources, and the need to develop successful resource management plans. Regarding the latter, social organizations believe that management plans should not only consider living marine resources but also waste management and the creation of new marine protected areas.



Scenario B: “We Need to Know”

In 20 years’ time, a gradual increase of sea temperature and a decrease in the variability of ocean characteristics are causing a progressive change in the abundance and distribution of certain living marine resources. Therefore, some resources are no longer available in some areas; this new resource availability has led to changes in human consumption habits. Fortunately, fishers show an enhanced response capacity, for example by migrating to more favorable fishing areas, because the low environmental variability allows for longer-termed planning. This greater adaptive capacity has also been favored by the increase in organizational capacity helping to take better advantages of the available resources. Likewise, the strong organizational capacity increases the demand of information, education and technology. However, the research and technological institutions are struggling with their scientific communication strategies in a moment where the opportunity to increase user’s awareness about sustainability through knowledge is more real than ever. Moreover, social organizations are demanding a new regulatory framework to tackle the existing conflicts between fishers and tourist operators over the use of space. This demand has put social equity, power and representation struggles on the table and public policy is urged to implement bottom-up governance initiatives and design flexible adaptive management plans. Furthermore, research and technological institutions are taking advantage of the organizational capacity by increasingly working together with local communities’ traditional local knowledge and broadening their research scope as to embrace interdisciplinarity.



Scenario C: “Not Looking Good”

In 20 years’ time, eutrophication processes are more frequent. Ecosystems such as mangroves and wetlands and refuge areas for species are smaller and biogeochemical parameters such as the increase in the oxygen minimum zone and the stratification of ocean waters are observable. Also, sea temperature changes have altered the average size of key species and trophic regimes, leading to the extinction of some species and the overexploitation of others. An ever-growing environmental pollution puts at risk both human health and the trust of marketing channels for the Peruvian seafood through the increased threat for spread of diseases. This negatively affects the national economy and the income of communities. Additionally, fishers need to travel longer distances to find fish of good quality. This lower income per capita is exacerbated by a decrease in the organizational capacity which allows intermediaries and companies to obtain higher percentages of the benefits, and social inequality is high. The presence of illegal and undocumented fishing has increased in response to the decrease in income, fishers are searching other seafood products with which to generate profit. Furthermore, the state is lacking capacity to monitor and control the fisheries activity. Society and in particular users of the marine space struggle with diversifying their activities and alternative livelihoods to fishing, e.g., in the agriculture sector, are rare, because droughts are more frequent and the agricultural sector is in crisis. The low social cohesion restricts society to effectively participate and commit to problem solving strategies. Under this scenario, public policy is aiming to reduce the competencies of local governments and is in search of new management tools that help mitigate the effects of the environmental impacts. Research and technological institutions work toward strengthening the interdisciplinary scope of their work to generate new knowledge useful for society.



Scenario D: “Chaos Is Back”

In 20 years’ time, the HCUS partially mirrors the situation of Peru during the 1980s, when a mass migration from the interior of the country to Lima had occurred. The MSES is characterized by an erratic environmental variability with more frequent ENSO events and scarcity of marine living resources. The high environmental variability has strong economic implications for society, and renders the development of mid-/long-term management plans difficult. The lack of organizational capacity and the low predictability of environmental changes complicates the creation of scientific knowledge that is needed to manage the resources with a minimum degree of certainty. This uncertainty also translates into an increase of informal activities: users are adopting individual coping strategies, each one doing what they possibly can, because all communal self-management is lost, delinquency is on the rise and social conflicts are serious. The governability is very difficult as functional institutions cease to exist and the state is increasingly opting for top–down strategies to get the situation under control.




Focus Group Discussions

Participants were asked to imagine three situations of change. First, the disappearance of key species [e.g., anchoveta, mojarra (Gerreidae)]; second, a migration movement of people toward coastal regions and the fishing sector; and third, the increase in the price of a (currently) non-economically valuable species such as the minor stardrum Stellifer minor (Sciaenidae) or fishes from the genus Torpedo. When participants were exposed to the mentioned potential future settings, three themes appeared frequently and were discussed as very relevant. In addition, differences and agreements between fishers appeared.

The first important theme was the role of the state in the management of the fisheries sector in the past, present and future, and how fishers perceived this role. For instance, the current lack of control that the state has on who goes fishing or the future dependence on the state in order to extract the resources as it is written in the constitution were discussed in the context of the second and third settings respectively. Moreover, it was maintained that management schemes have changed in the past to the advantage of the industrial fleet, leading to increasingly unequal social conditions.

	“In the 70s, there was a law that favored all of us [fishers] but unfortunately when they [the state] saw the potential benefit, they came with a new general fishing law. So, what happens? They take us away, they give them [the industrial fleet] what we [the artisanal fishers] fished before, mackerel [Trachurus murphyi and Scomber japonicus peruanus], bonito [Sarda chiliensis] (…) the artisanal fishers are over because there was no longer a mackerel fishing season…” (FGD3; 22 November 2019).

Furthermore, all fishers complained about both the lack of (institutional) support the artisanal fleet received in comparison to the industrial one, and about bureaucratic hurdles when trying to access funding or to present development projects; claiming that in the future the state needs – above all – to grow an interest in the artisanal sector. Also, all fishers stressed that the state should be more efficient regulating activities that are currently threatening fishing, such as tourism and urban development. Moreover, fishers from San Andrés stated that through a higher organizational capacity (i.e., sharing common goals, being coordinated, self-managing) they would be able to build up sufficient pressure to make artisanal fishers’ voices heard and galvanize changes in current management schemes. Fishers from San Andrés highlighted how the reforms of the Peruvian labor laws has weakened fishers’ organizational capacity by increasing their division, resulting in a loss of the capacity to claim new regulations, unity and common visions for the future.

	“If we are united, and fishers react to our call, we strike at a national level and demand the government to implement management schemes that safeguard fisheries resources, such as the anchoveta” (FGD3; 22 November 2019).
	 “The state arrived (let’s say in the 2000s) so in the 90s fishers were recognized at a national level, we pushed back the state and removed rules (…) and then the doors were opened so that four, five fishers could make associations. Right now, there are 200–300 (…) and if we do not manage to consolidate as before, we will continue like this all our lives, lamenting, and our children will continue to lament, until they find a solution, because nobody is going to give it to them, rights are defended with fighting” (FGD3; 22 November 2019).

In agreement, fishers from Chincha believed that an increase in the organizational capacity could reduce the negative effects from development projects, while increasing benefits. In contrast, fishers from Camacho saw as almost impossible the possibility to stop or modify development projects; mainly due to the power of big companies and the minimum influence they could exert themselves. In this regard, the need to improve the dialogue between actors while addressing power issues was stressed; fishers perceived that despite often being invited to talk about development project, their concerns and knowledge were very often not considered.

Issues of social equity also appeared when fishers discussed the first and second settings and was again linked to the management regarding the current informal situation of Venezuelan fishing crew members. Fishers stressed that in a future of key species disappearance the associations should support and coordinate responses to help the most vulnerable fishers. In the second scenario, fishers from Chincha expressed that they were already feeling displaced by the arrival of migrants to the fisheries sector mainly because again, they tend to accept lower wages. This as mentioned was believed to complicate future adaptations and therefore fishers expressed the need for the state to implement a decent minimum wage. Moreover, fishers from San Andrés described how state impediments to issue new fishing permits leads to an increase in informal fishing by migrants despite the efforts of their social organizations to try to formalize migrants and allow them to become members of the association.

	“We currently have a lot of Venezuelans fishing without permits, the government has not foreseen it.” “Venezuelans are not operating as members here, of the union. The port authorities are preventing us from making them members of the union because we cannot give them the permit to become fisher [which is mandatory to be part of an association]; we have fought, we have gone to speak with the port captain so that he allows them to work, so that they are not marginalized in their work (…) they have come, we have trained them…” (FGD3; 22 November 2019).

The second important theme was the role of and trust in knowledge and technology. Regarding this, fishers did not extol scientific knowledge or technology other than to comment that certain adaptive strategies are partially limited by the lack of it; such as fishing further from the coast and for other type of species for which technology and/or knowledge would be needed. Moreover, non-embarked fishers from Camacho expressed that their knowledge and relationship with IMARPE (the Peruvian Research Institute of the Sea; namely the most important scientific institution of the country) is non-existent. However, fishers were concerned with the lack of recognition for their traditional ecological knowledge (TEK) and the doubtful use of scientific knowledge made by some companies in order to gain concessions for tourism development for example. More generally, artisanal fishers from San Andrés articulated mistrust toward scientific knowledge and how this was even been misused to pursue the interests of other actors.

	“… According to the laws you have to do an environmental impact assessment for every project, they [a company] have started to do it, we have participated in one workshop, nothing more. We have told the engineer what we know, that if you construct the seawall the currents will be disturbed and there will be no longer fishing there… But the classical move of every company, they say no that is not true according to the studies that we have done (…)” (FGD2; 22 November 2019).
	 “They [scientists] work and give a false report regarding fish volumes; that false information is being used to grant the quotas to those [industrials] who fish” – (FGD3; 22 November 2019).

A third common theme was the way in which the responses to proposed changes were elaborated, drawing on past experiences rather than speculating or exploring the future in a creative manner. For example, participants from Camacho related to the potential disappearance of the key species by discussing past pollution events (and the adaptation process to them) that appeared after the settlement of industrial companies. Additionally, when discussing the possibility of a high number of migrant fishers arriving to the area to take part in fishing, all participants engaged with the past by highlighting several occasions where this influx of people had already happened. Finally, the possibility of an increase in price of a presently non-economically valuable species stipulated a discussion, in which there was a general consensus on the perception that historically, whenever market dynamics had resulted in a rise of a species’ economic value, the artisanal fleet had been deprived of the right to continue extracting this resource – in favor of the industrial fleet and the big investors:

“Do you think that when a species has a big value, the state offers the fishing possibilities to the industrial fleet instead to the artisanal? Of course (…) there is a little bit of diamonds and everything goes away. This current [Humboldt Current] brought the Peruvian Scallop (…) and what did the government do after seeing that fishers were growing? close its extraction” (FGD3; 22 November 2019).




DISCUSSION

The contextualized scenarios presented here are fictional pieces that aim to highlight and explore different ways in which the HCUS could develop over the coming decades. The future could unfold in ways that contain elements of the different narratives and it will also contain elements that have not been anticipated. The results from the first step of our participatory exercise showed the belief of survey participants that, on the one hand, the identified socio-economic drivers will have a higher impact in the future than natural factors, and on the other, they were also slightly more convinced about their occurrence.

Our study provides insights into some important factors that could shape the future of the HCUS and mostly shows the importance of the contextualization of future studies through on one hand the commonalities and divergences found between the four visions about the future created by participants during the workshops and the themes of the FGDs; and on the other, through the differences, that lay on their area of fishing or fishing practice, between fishers during the FGDs that have been mentioned in the previous section.

Firstly, the four scenarios showed the commonality that they all describe the presence of strong social conflicts between fishers, the tourist sector and other industries mainly as a result of growing and diversifying use of coastal areas. This aligns with what was raised by fishers during the FGD although other participants remarked that some fishers have shifted their activity toward tourism.

In our work we also found that the ways of engaging toward imagining alternative futures differed between the central workshop and the FGD; this highlights the need to think about the challenges of the intercultural/interdisciplinary dialogue. Fishers engage with the scenarios recalling past experiences while participants of the central workshop did so in a much more limited way; only the scenario D (“Chaos is back”) also referred to past events.

Differences became also visible with regard to how the scenarios addressed social equity in the future. In scenario B (“We need to know”) equity has become a social demand while in scenario C (“not looking good”) inequality was described to be deepened especially due to unequal benefits along the commercialization value chain, exacerbated by a weak social organization. This view aligns with what fishers commented when they imagined a situation in which an increase in the organizational capacity could lead to a different regulation of prices that would benefit them more [“Right now we have a market with a maximum purchasing power what would happen if we begin to regulate our prices? (…) they would rise”- FGD3; 22 November 2019]. As seen in section “Focus Group Discussions,” in general, fishers expressed a strong concern of social and economic equity and solidarity toward the most vulnerable for the future and migrants (“we fisher have learned that there is a way in which we can all win”)- (FGD3; 22 November 2019). Additionally, different sources of knowledge received diverging attention in the two sets of workshops: while FGD participants stressed the lack of TEK recognition as a common problem of many management initiatives, participants of the central workshop (dominated by scientists and centralized governance actors) highlighted the need to integrate TEK in only one of four scenario narratives, and rather emphasized the need to produce more scientific knowledge as to be able to cope with the different futures.

It was also a general result that both, positive and negative visions about the future of central workshop participants were strongly shaped by the social axis (i.e., organizational capacity). As a result, the scenarios in which the organizational capacity was high (A “Together adaptation is possible” and B “We need to know”) were considered positive scenarios and participants of both groups used words such as successful, very good or optimistic to define the imagined futures, irrespective of the environmental axis. A higher organizational capacity was believed to favor the sustainable use of resources; it was interpreted as a closer collaboration between society and science and as an increase in the demand for scientific knowledge, technology and new regulatory frameworks. In contrast, during the FGD despite the fact that participants did mention examples of collaboration between fishers’ associations and state institutions such as the National Service of Natural Protected Areas, they did not engage with the need for an increase in scientific knowledge. However, as seen in section “Focus Group Discussions,” a relationship between the organizational capacity and the capacity to influence regulatory frameworks did appear. This again highlights the importance of scale as it reveals the need to consider the power which organizations at certain spatial scales can exercise over others at other, either higher or lower, scales.

Scientific knowledge production was linked to the adaptive capacities (of users, society, the state) in all four scenarios. The four narratives describe futures in which the production of scientific knowledge is compromised by the uncertainty of environmental variability and how this negatively affects problem solving capacity and issues of sustainability. However, as was shown above, the artisanal fishers did not make this connection during the FGDs. This connection shows, in line with other studies (Planque et al., 2019), a limit of many scenario processes, i.e., the tendency of participants to assume that being prepared for the future is linked to the capacity to predict the future. In a similar vein, it is usually assumed that a better understanding of the nexus between the elements and drivers of change leads to sustainability but the truth is that integrated analytical approaches that can be translated into coherent cross-sectorial scale policies are often lacking (Yung et al., 2019). Furthermore, several studies have shown how different actors can have different understandings of sustainability (Fernández-Llamazares and Virtanen, 2020) and therefore the need to consider future transformations toward sustainability in a more plural and political way (Blythe et al., 2018).

For instance, at a national level, sustainability of the MSES is understood in social, economic and environmental terms following an international definition (Food, and Agriculture Organization of the United Nations [FAO], 1999), and its importance is justified under the terms of SDG 14 “Life below water” (cf. national marine policy D.S 012-2019-DE). It is stressed that it is up to the state to promote and propose measures and policies that strengthen the management of the marine-coastal environment and ensure the contribution of ecosystems and their resources to the current and future well-being of the nation (National Marine Policy, 2019). This position stands in contrast with visions from the FGDs where some fishers were very critical toward the states’ notion of sustainability, especially regarding resource extraction. Fishers from San Andrés mentioned the need for the state to implement the existing laws, as not all laws are negative, and prevent the disappearance of key species, especially its reproductive and feeding areas. According to fishers, the state is not currently promoting sustainability measures which are needed to allow adaptation to change; and it does not go to the root of the sustainability problem as the existing laws prevent this.

	“That word: sustainability, is pretty isn’t it? For a species to last every year and to leave it to our children as an inheritance; but that is not so, why? Because we have a root problem (…) and we do not attack it, why? Because laws are made for that…” (FGD3; 22 November 2019).

When we asked participants from the central workshop about notions of sustainability in their scenarios we found that these notions circled around two major themes, largely independent of the four contrasting scenario contexts: (1) Individual and community responsibility; (2) Techno-scientific and knowledge driven solutions. The first notion partially contrasts with participants of the FGDs. First, fishers highlighted that they already cared about sustainability (“we [artisanal fishers] have learnt to differentiate between overfishing and conservation” FGD3; 22 November 2019); for instance, by stressing the importance of fishing the correct sizes of fish or by describing own attempts to establish self-management schemes of resource extraction that would contribute to sustainability. Second, they problematized that fishers were considered as a homogenous group even though big differences in fishing practices could be found both between the industrial and the artisanal fleet and within the artisanal fleet. Claiming that the state actors blamed the fishing practices of the artisanal fleet for the bad status of marine resources, without acknowledging the role of the industrial fleet, fishing major shares of catches (“we are identified as artisanal fishers and as so we are all predators. It is not like that, there is a big difference, while one [industrials] uses a boat of 200 to 1000 tons, us [artisanal fisher] use 20 tons ones” FGD3; 22 November 2019). And third, that the sustainability problem is not one of individual action but would require system change. In this context, fishers expressed their perception of constantly being asked for a greater commitment toward sustainability, through for instance the development of marine protected areas; however, they mention that project development ideas that they have and could benefit the MSES and their communities are usually not discussed. Despite all this, fishers also stated their willingness to increasingly engage with sustainable resource management, especially with respect to tackling potentially unsustainable practices emerging from individualism.

	“Nature has given us everything (…) it gives us all, but we are not doing anything to help nature defend itself a little, and say, well, let me rest then, help me a little; and artisanal fishing has evolved, we have now purse seines; and we also have to admit that sometimes we have failed to maintain the responsible fishing” (FGD3; 22 November 2019).

Here again the issue of scale becomes relevant. For instance, when discussing with FGD participants the abrupt increase in economic value of a single species, several fishers expressed their concern that this could result in the overexploitation of the resource, while others emphasized it would be important to try to prolong this phase (fishers agreed that such a development would necessarily be something temporary) by extracting it in a sustainable manner. Moreover, some fishers discussed the potential of such an event to decrease the organizational capacity of organizations, whereas others thought that the associations could have the opportunity to grow as an institution and for instance, build boats to be able to fish in open waters or conduct development projects. Other fishers from San Andrés also believed that sudden changes in resource prices could provide opportunities, e.g., to allow the association to create companies for younger generations. This is a clear example on how not only global drivers impact sustainability on the local and regional social-ecological scales but how sustainability can also be impacted by bottom-up processes (Nayak and Berkes, 2014).

Secondly, the role of techno-scientific solutions was also identified at the national level as a key variable for the future of the national marine system (i.e., “development of science, technology and innovation in the maritime environment,” National Marine Policy, 2019). At the institutional level, this is translated into an increase in the number of people with professional and scientific capacities and in the financial resources toward research, technology and innovation; the aim thereof is to improve the profitability, eco-efficiency and the sustainable use of living and non-living resources, and ecosystem services in the marine environment. However, scholars have argued that the focus on technical strategies as solutions is not necessarily helpful to develop transformations of complex SESs (Moore et al., 2014). As shown, fishers only engaged with technological and scientific innovations as a mean toward recovering their activity in times of scarcity. Finally, the fact that their notions of sustainability for uncertain scenarios align with global vision points out to what Bendor (2018) believes to be a deep-seated inability as individuals and as a collective to imagine what a sustainable future may look like, rooted in a general crisis of our social, economic and political imaginaries.



CONCLUSION

To the best of our knowledge, this paper is the first attempt to explore the future(s) of the marine-coastal social-ecological environment of Peru in a participatory way. This study has provided a preliminary catalog of factors perceived to be important by researchers, decision-makers, and users in the future of the HCUS. Our results, emphasize the importance to acknowledge the intricate uncertainties that are part of plausible future trajectories, including potentially contested issues such as diverging notions of sustainability and power dynamics in decision-making that are due to differences in resources and organizational capacity.

The focus group discussion, in particular, i.e., the third step in the multi-step participatory method presented here, has highlighted the need to contextualize scenarios in regional and local settings. With the aim to address local concerns and power asymmetries, this can be done by exploring the scientific uncertainty regarding the future effects of global change in the HCUS and analyzing contrasting and common visions between and within spatial scales and organizational levels. This regional and local contextualization brings nuance to global models and national narratives, highlighting the diverse positions of local actors, concerning political dynamics as well as broader issues of knowledge production. Notably, different interpretations of sustainability were articulated – ranging from a technocratic understanding paired with a neo-liberal economic vision to transformative approaches that embrace localized political, economic, and ecological alternatives. Moreover, the engagement with local and regional actor brought trade-offs to the fore regarding the capacity to adapt and the role accorded to technological development. As we have shown, resource users may have different reference points in their adaptation imaginaries than scientists and public resource managers. For example, the former tended to rely more strongly on experiences from historic adaptation processes while the latter often privilege techno-scientific solutions. Our multi-step participatory method allowed stakeholders to generate MSES narratives of the future through a collaborative process, collecting and acknowledging such multiple perspectives. This provides a basis for all approaches aiming to incorporate knowledge on the social dynamics that would allow transitioning to more democratic and legitimate policies toward the future.

The work presented here allows researchers, managers, and users to jointly engage in participatory management to act in a more effective and robust manner in the face of unpredictable future change. At the same time, these scenarios scoping processes can provide input for modeling, e.g., when exploring the future of resource extraction in a quantitative manner. Often focusing on ecological drivers exclusively, traditional quantitative modeling has tended to portray fisheries systems as platonic worlds of model assumptions. Incorporating local socio-political contexts of fisheries settings and exploring stakeholder views can shed light on critical relations – that are invisible at first sight. As we have shown, the adopted foresight process can, for example, reveal interdependencies of drivers and critical social and economic aspects of the system. The contextualized, co-developed scenarios hence provide further value to modeling approaches exploring more relevant futures and co-producing knowledge for those in charge of subsequent decision-making processes. On a methodological level, our experience suggest that such scenarios must be further developed to include systematic feedback from the collaborative partners in an iterative manner, thus enabling their reflexive improvement.
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FOOTNOTES

1
Figure 1 was constructed in the R environment [R Core Team, 2019 the maps (Brownrigg, 2018), sp. (Pebesma and Bivand, 2005; Bivand et al., 2013), sf (Pebesma, 2018)]. Peruvian administrative areas (region- and province-level) were retrieved from the Database of Global Administrative Areas (GADM, www.gadm.org, subdivision levels 1 and 2). National Reserve geographic information used for the figure was downloaded from the webpage of the Peruvian National Service for Natural Protected Areas (http://geo.sernanp.gob.pe/visorsernanp/).

2Regulated by the D.S. N° 005-2017-PRODUCE, the Peruvian law considers “small-scale” all vessels with a Gross Registered Tonnage up to 32.6 m3 and 15 m in length, while being operated predominantly manually.

3www.limesurvey.org
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Planning and management require expectations of future system behavior. These expectations can come in the form of predictions, projections, scenarios, narratives, visions and intuitions, at different spatial and temporal scales. While each can provide different insights into a system future, it is not clear how they can be effectively combined into a unified analysis. Here, we propose a general framework to combine conceptual models, numerical projections and scenario narratives, leading to a system view of the functioning of the future Blue Economy sectors as applied to Australian oceans. We start by developing a conceptual model of the sectors directly or indirectly interacting with the Australian oceans and their national and global drivers. We then identify scenarios and projections for each global driver as well as projections of future development for the national drivers and for the Blue Economy sectors. Comparisons of the global scenarios, national projections and sectoral projections suggest that the Australian marine sectors expect to follow a path of growth mostly driven by market forces enabled by government regulations. The analysis of each sector provides information on the extent to which the initial conceptual model can be improved as part of more detailed analysis at a sectoral level. This approach supports sector-based marine planning with a consistent and repeatable framing and can help researchers, managers and stakeholders reach a shared understanding of system interactions and the potential impact of future shocks to national and international drivers.
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INTRODUCTION

	‘It is possible to be… surprised, and at the same time be… prepared’ (Grabo, 2012).

Imagining and predicting the future have long fascinated humans as evidenced in the areas of religion, literature, and economics. More recently, several approaches have been developed within the Future Studies literature to develop meaningful expectations about the future (see Box 1). Increasingly, these approaches are being used to inform science and policy in environmental management, including for marine environments [e.g., (Pinnegar et al., 2006)]. Discussions about the future of marine environments increasingly include a narrative in which the world oceans are the new frontier of economic and technological development (Eikeset et al., 2018), which contrasts with older conservation-focused preserve-and-protect narratives (Safina, 1998; Pauly and Maclean, 2003) or final frontier for exploration narratives [e.g., (Steinbeck, 1995)]. This new narrative is widely termed the Blue Economy (Howard, 2018; Voyer et al., 2018). It represents a vision of an increasingly crowded marine environment with competition for space and resources, together with development-driven governance and technological innovation that provides solutions for the demands of a growing global population. Although there is no universally accepted definition (see Box 2), the Blue Economy vision is centered on recognizing that diverse ocean uses are interconnected and that integrated management is crucial not only to balance environmental, economic and social outcomes but also to capitalize on synergies among different uses, services and scales (Burgess et al., 2018).


Box 1. Approaches commonly used in Future Studies.

Scenarios: Alternative narratives of how the future might unfold.
Projections: A numerical estimate (time series, plots, trends, growth rates, etc.) of the likely or possible future values of one or more indicators of a system’s behavior. Usually used about time frames in the medium to long term.
Foresighting: An informed analysis of some aspects of a future reasonably far from now, which arises from intellectual speculation requiring both broad and expert knowledge.
Forecasting: A prediction about a future usually next to now (short term, on the scales of months to a few years), requiring expert knowledge.
Visioning: A statement about a desirable future and commitment to create it.




Box 2. Definitions of the Blue Economy.

Various definitions of the Blue Economy have been proposed (Howard, 2018; Voyer et al., 2018). These definitions look quite different depending on whether they are combined into a single vision or grouped into different themes.

When represented as a single vision, they highlight three aspirations: i) to exploit marine resources to address the needs of a growing global population, ii) to contribute to global GDP growth and iii) to ensure environmental and social sustainability. The potential win-win-win goal on the three pillars of economic, environmental and social sustainability makes the Blue Economy an appealing vision for future marine development. Key to this vision is learning from the experience of past unrestrained resource exploitation on land, which has provided for improved living conditions for many, at the cost of environmental degradation and wealth and social inequality.

However, when different themes in these definitions are explicitly represented, the Blue Economy vision is interpreted differently by different actors (Howard, 2018; Voyer et al., 2018). In Voyer et al. (2018), the authors carry out a content analysis of a large set of documents, largely comprised of policy documents, conference proceedings, position papers and reports, and identify four core themes:

	• Oceans as natural capital, a view often promoted by conservation agencies/NGOs. It promotes valuing marine ecosystem services for societal and economic benefits with focus on environmental protection and restoration activities.
	• Oceans as a good business, a view often promoted by industry and large global economies. It highlights the importance of marine industries and focuses on investment in marine sectors to foster economic growth and employment.
	• Oceans as livelihoods, a view often promoted by development agencies, Pacific Small Island Developing States and small-scale fisheries. It emphasizes providing employment and income to alleviate poverty and fostering food security and social and economic resilience in developing countries.
	• Oceans as a driver of innovation, a view often promoted by academic institutes, industry and governments. It emphasizes public and private investment, innovative financing mechanisms, research networks and competition to develop new ocean uses, new industries and innovation in existing ones.

The tension between a focus on nature (Oceans as natural capital) vs people (Oceans as livelihoods) vs business (Oceans as a good business) vs technology (Oceans as a driver of innovation) is not peculiar to the Blue Economy. It commonly arises in Future Studies when people are asked to express their aspirations and concerns regarding the future, independently of the specific context (Boschetti et al., 2016). Empirical literature (Douglas, 1978; Douglas and Wildavsky, 1982) suggests that this tension is found across cultures. This is because underlying this tension are different preferences or concerns for societal organization and distribution of power which correlate with preferences for how to manage the environment (Price et al., 2014) and thus directly address preferred balances between three pillars of sustainable development (ecological, social, and economic).



While the scope of the Blue Economy vision is global, it also has clear implications at national scales, and can be considered in strategic planning by marine sectors. National, regional and local institutions, businesses, organizations and communities engaged with the oceans need to understand the implications of this vision. The time horizon of this vision ranges from one to several decades into the future, well beyond the usual time span of reliable economic, biophysical, ecological, political and social predictions. Nevertheless, several approaches can be used to say something meaningful about possible future development within this time span. Within the discipline of Future Studies, experts can provide analyses in terms of foresights, and stakeholder teams can be assembled to create narratives of future developments in the form of scenarios (Hunt et al., 2012; Boschetti et al., 2016). Intelligence about possible threats, trends and opportunities can be collected, prioritized for further monitoring and converted into warnings for decision making, as has long occurred as part of geo-political and military analyses (Grabo, 2012).

Strategic planning approaches seeking to understand the implications of the Blue Economy narrative in terms of future scenarios face at least three challenges: i) an assessment of the reliability of the scenarios or future projections, by considering a wide range of information sources; ii) how to integrate different sources and styles of information (for example, how a projection spanning the next 3-5 years can be integrated with one spanning half a century, or; how scenarios of overall system behavior can be integrated with a projection for a single sector) and iii) how the outcome of such analysis (scenarios, visions or projections) can best be used for strategic or tactical planning.

Here we articulate a process to assimilate the Blue Economy vision into sectorial planning of activities in the Australian oceans. We focus on Australia as we are Australian-based researchers, however, features of the Australian marine estate are common to other nations. In common with the ocean waters of nations around the globe, Australia’s oceans offer large and growing economic, ecological, social and cultural opportunities which include recreation, energy and food production (AIMS, 2016) and the provision of safety and security to the nation (National Marine Science Committee, 2015). In addition, over the next decade Australia’s marine economy is projected to grow three times faster than the gross domestic product [Australian Bureau of Statistics (ABS), 2018a], similar growth rates are commonly projected for many other nations (OECD, 2016; Noaa Office for Coastal Management, 2019). This growth is expected to come from existing industries such as tourism, ports, transport, shipbuilding, offshore oil and gas, aquaculture and wild fisheries, and additional opportunities for further economic gains in less well developed areas like biotechnology and renewable energy. Thus, approaches to generate consistent, reliable and actionable information are urgently needed.

The approach we describe in this paper involves five stages. First, a conceptual model of the drivers of change affecting the ocean sectors is developed. This conceptual model includes the sectors directly or indirectly interacting with the oceans (e.g., fishing, aquaculture, shipping, tourism, oil and gas), their regional and national drivers (e.g., population and GDP growth, energy requirements) and their global drivers (global population growth, global GDP growth, climate change). Second, scenarios for each global driver are defined from existing sources of information. Third, projections for future development for the regional and national drivers and for the sectors relevant to Australia’s oceans are obtained from a wide range of documents. Fourth, the consistency between the global scenarios, national projections and sectorial projections is examined. This provides a large scale, top-down assessment of the system. Finally, the drivers described in the sector projection documents are analyzed. This local, bottom-up view of the conceptual model from the perspective of each sector provides information on the extent to which the initial conceptual model needs to be revised. This approach will provide sector-based planning exercises with a consistent and repeatable framing to consider their future and convey this future to other sectors seeking to understand their linkages in the Blue Economy.



MATERIALS AND METHODS


Developing a Conceptual Model of Influences on the National Blue Economy

Our project team developed the conceptual model (Figure 1) over a five-year period via a number of dedicated workshops supplemented by out-of-session research (see Supplementary Material, Section 4). The team had expertise in fisheries, aquaculture, marine conservation, ecological modeling, complex system science, management of natural resources, economics, future studies and stakeholder engagement. The conceptual model consists of a network in which nodes represent natural and anthropogenic drivers and activities impacting the Australian Ocean either directly or indirectly and the links represent the presence of interactions between them. In the rest of the document, we refer to the nodes of the network as components of the conceptual model. To identify the main components of the model, we considered three levels; Global Drivers, National Drivers, and the Blue Economy Sectors (Figure 1). Review of each level involved consideration of existing literature showing linkages between components at each level, and mapping the main connections between components at different levels, in this case, for Australia.
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FIGURE 1. The initial conceptual model of influences on the national Blue Economy. The model components are organised at three levels: Global Drivers, National Drivers, and the Blue Economy Sectors (with ‘Food Needs’ included both as Global and National driver). The blue arrows show direct connections from the natural world into the Blue Economy. The model can be interpreted as a network in which components are the nodes and the edges represent their interaction. Here and in all other figures, edges are plotted via different line styles for ease of visualisation.


	• Global drivers are those whose control and scope lie outside Australia but are the main drivers controlling the global context in which Australia as a system needs to operate.
	• National drivers are those with control or scope within Australia whose impact on the oceans is mostly indirect.
	• Blue Economy Sectors directly relate to uses of Australian oceans.

The model includes five global drivers (Figure 1 top row): climate change, global trade, global population and global GDP trends, and food requirements (geopolitics acts on these drivers, but we do not include it specifically). Trends in international trade and global GDP will affect the Australian economy both directly and indirectly. This in turn will have both direct and indirect effects on Australian oceans in terms of transport and resource extraction (e.g., minerals and fish). Energy technology has had a crucial impact on economic production and growth (Ayres and Warr, 2001; Warr et al., 2008) and it is likely to have an even stronger impact in a world of declining fossil fuel energy use and increasing renewable energy generation. It is likely to affect the Australian economy through its impact on transport costs and the demand for different types of mineral resources available in Australia. Food technology can have an impact on resources to feed a growing global human population and on the balance between land versus marine food production (Hilborn, 2011). Finally, climate change will directly or indirectly affect all processes at various time scales [e.g., (McDonald et al., 2018)]. Here we assume that Australia has little impact upon these global drivers either through policy or feedback effects.

National drivers (Figure 1; second row) include mining (“Extraction” panel, which includes both land and offshore activities), energy production, renewable energy production, economic activity (gross domestic product, GDP) and population growth. Their impact on Australian oceans is mediated by transport, environmental impacts of land-based resource extraction, and requirements for different ecosystem services. In principle, there is scope for control and policy intervention on these drivers. However, this may be limited in practice for several reasons. First, the complexity of the political processes may render some of these intervention options less likely to occur. Second, regulation for these components is in the hands of bodies different from the ones tasked to manage marine matters. Finally, their management is strongly coupled with other national and international issues of larger social and political scope.

Blue Economy Sectors in our Australian model (Figure 1; blue fonts) include sea bed mining, defense, transport, tourism, fishing, aquaculture, bio-prospecting, carbon capture and desalination. Tourism is likely affected by trends in both local and international GDP but also by other factors like environmental quality and the cost of transport; in turn it can affect fishing as well as other ecosystem services and Australia’s GDP itself. Australian population growth is considered the main driver in this category, as indicated by the number of linkages.



The Global Context – Future Scenarios

A range of approaches has been developed to provide context for future scenarios at the global scale (Box 3). In order to better understand the global context in which Australia as a system needs to operate, we employed the global scenarios from the Great Transition Initiative (Raskin et al., 2010) which explores pathways of long-term development and their implications for global sustainability. The four scenarios (Market Forces, Policy Reform, Great Transition, and Fortress World, see Box 3) focus on markets, institutional reforms, social and moral transformation and local nationalistic priorities as main drivers of change. The assumptions underlying these scenarios were used by the Great Transition Initiative team to initialise the PoleStar System software tool (Tellus Institute and Stockholm Environment Institute, 2010) which allowed them to assess numerically the impact of these assumptions on a number of social, economic and environmental indicators (Figure 2).


Box 3. Plausible global futures.

The Foresight literature describes a long tradition, going back at least to the early 1970s (Miles, 2010; Jefferson, 2012), on how to explore ‘probable, plausible, possible and preferable futures’ (Hancock and Bezold, 1994). With some variations, this accumulated experience has converged toward a well-established approach according to which a practitioner guides a group of experts, stakeholders or members of the public who, working as a team in a workshop setting, explore scenarios of possible future system trajectory.

One of the most important insights from this literature is the observation that scenarios developed in a wide range of foresight exercises, addressing disparate issues, in different contexts and arising in different cultural backgrounds, share features which cluster the scenarios into 5 or 6 common themes (Bezold, 2009; Hunt et al., 2012; Boschetti et al., 2016). These common themes, referred to as scenario archetypes (Hunt et al., 2012; Alford et al., 2014; Boschetti et al., 2016), explore what the future may look like if development is principally determined by either i) markets, ii) institutional reforms, iii) social and moral transformation at a global scale, iv) local rather than global focus, v) ecological and social decline or vi) technological innovations.

Rarely are all six scenario archetypes used in a single work. More often, practitioners assist stakeholders to identify the two most critical drivers of change (represented as axes in a 2D plane) and develop scenarios by analyzing their interplay (Hunt et al., 2012). This leads to defining a 2 × 2, double uncertainty grid (Pinnegar et al., 2006; Curry and Schultz, 2009; Bezold, 2010; Amer et al., 2013; Ramirez and Wilkinson, 2013; Raven, 2014), in which the two most important and uncertain issues represent the two axes and their interplay define four scenarios. Once again the literature shows considerable consistency in the choice of the two axes (Boschetti et al., 2016). With rare exceptions, the first axis maps amount of government regulation and the second axis maps social values and priorities, ranging from a self-interested and individualistic to communitarian (Boschetti et al., 2016). In this paper, the four global scenarios in the Great Transition Initiative (Raskin et al., 2010) can be mapped into the high-vs-low regulation and individualistic-vs-communitarian axes as shown in Figure 2 (left). These scenarios are:

	• Market Forces: a future in which markets drive progress. Economic growth-oriented globalization dominates. Population grows 40% and the economy 300% by 2050. The availability of sufficient resources, bio-physical sustainability and social inequalities are the main challenges to this future.
	• Policy Reform: a future in which institutions drive progress and influence human values. Governments lead the way toward sustainability goals without major changes to existing institutional structures and social values. Economic incentives and technological innovation result in strong gains in poverty reduction, climate stabilization and ecosystem preservation.
	• Great Transition: a future in which human values drive progress. While Policy Reform focuses more on changing institutions than values, the opposite happens in Great Transition. Driven by the necessities of deepening crises and the desire for a just and sustainable society, the focus moves to human solidarity, ecological resilience and quality of life over economic growth.
	• Fortress World: a future in which crises lead to force which exacerbates crises. Global crises lead to local authoritarian solutions. This is a future of protected enclaves with poor masses outside. Social conflict and mass migration lead to emergency measures of higher priority than sustainable development.

A detailed description of the four scenarios and their rationale is found in Electris et al. (2009). Scenarios are alternative narratives of how the future might unfold and do not necessarily include numerical projections (see Box 2). In this work, we chose to use the scenarios from the Great Transition Initiative because they have been studied via modeling, providing numerical projections of the expected behavior of several global processes under the different scenarios (Figure 2 (right)).
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FIGURE 2. Scenarios from Raskin et al. (2010) and global projections. The 2 × 2 double uncertainty grid used by the Great Transition Initiative and the location of the four scenarios within it (left). The numerical projections of global GDP, global population, CO2 emissions and food requirements, generated by modelling the scenario via the PoleStar model (right). Colour coding relates the scenario to each individual projection.


It is important to emphasize that the purpose of a scenario exercise is rarely to assess the most likely future, rather to explore ranges of possibilities. Exploring and assessing possibilities is often helped by framing them against a business-as-usual or most likely scenario, because it highlights which underlying assumptions, possibly unquestioned, are core to the business-as-usual developments and how alternative economic drivers, power relations and social attitudes (Dator, 1998; Inayatullah, 2004) may lead to alternative outcomes. As a result, how the projections for different national drivers and Blue Economy Sectors described in Section 3 compare to the modeled projections of these global scenarios in Figure 2, may say something about which global scenarios are considered more likely to occur or more desirable. This is further discussed in Sections 3 and 4.



RESULTS


National Drivers and Blue Economy Sector Projections

Projections for each of the National drivers and Blue Economy sectors in Figure 1 were collected and summarized by searching the literature for scientific publications or industry reports (see Supplementary Material, Section 1). Figure 3 shows the projections for each component with the exception of sea-bed mining and bio-prospecting for which numerical projections could not be found. For some components, proxy indicators had to be used, i.e., water consumption for desalination and cruise passengers for tourism. Onshore and offshore oil & gas projections are represented as a single projection (‘Extractive’ panel as a national driver). To simplify the visual comparison, the projections are plotted as a ratio over the value in the year 2019 (i.e., a value of 2 means doubling the sector performance compared to its value in 2019).
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FIGURE 3. The conceptual model with projections of future development for each component, with the exception of sea-bed mining and bio-prospecting for which Australian numerical projections could not be found. The time horizons of the projections vary considerably, from a few years for some business and economic sectors to a century for climate change (CO2 emissions). To simplify the visual comparison, the projections are plotted as the ratio over the value in the year 2019. Labels for multiple sector projections are given in Supplementary Material, Section 3. Here and in all other figures, edges are plotted via different line styles for ease of visualisation.


A few observations can be drawn from analyzing the set of projections (Figure 3). First, with the single exception of coal use for energy generation (in the National Extractive sector), all projections show growth (notice that this also applies to Australian GDP, since it plots GDP growth, which is >1 for most of the projected time span). Second, we assessed which of the Global Scenarios in Figure 2 is most aligned with the set of projections, on average. To do so, we developed two measures: (i) the Mean Correlation, given by the mean of the correlations between the indicators for each Global Scenario and all Sector Projections and (ii) The Mean Similarity Rank, given by the mean of each Global Scenario similarity rank over all sector projections (n = 17). Details of how these measures have been computed is given in the Supplementary Material, Section 2. The results are shown in Table 1.


TABLE 1. Mean Correlation and Mean Similarity Rank for each Great Transition Initiative Global Scenarios, computed against 17 Sector Projections.

[image: Table comparing global scenarios with their mean correlation and ranking. Market Forces has a mean correlation of 0.07 and rank 1.68. Policy Reform shows 0.05 and 2.18. Fortress World and Great Transition both have -0.04, with ranks 2.71 and 3.44, respectively. Mean correlation assesses trend similarity; a higher value implies greater similarity. Mean similarity rank represents scenario ranking based on numeric similarity, with lower values indicating higher similarity.]Table 1 shows a good match between the relative order in the Mean Correlation and Mean Similarity Rank results. Both measures suggest that the Sector Projections are most aligned with the Market Forces Global Scenario, followed by Policy Reform, with Great Transition being the most dissimilar. Of particular significance is that both Market Forces and Policy Reform have a positive (albeit small) mean correlation with the Sector Scenarios, while Fortress World and Great Transition have a small mean negative correlation. Although the Mean Correlation and Mean Similarity Rank provide only approximate indications of similarity (see the Supplementary Material, Section 2 for details of the measurement limitations), they provide complementary information since The Mean Correlation is most sensitive to similarity in trends, while the Mean Similarity Rank is most sensitive to similarity in numerical values. The fact that these measures provide the same ranking for all four Global Scenarios gives some weight to our interpretation. It is important to clarify that the alignment of the Sector Projections with the Market Forces and Policy Reform Global Scenarios should not be interpreted as a suggestion that these scenarios are more likely to occur in the future. Rather, it should be interpreted as a suggestion that these scenarios are most consistent with the assumptions and expectations of future development in the sectors we analyzed.

Third, some National drivers and Blue Economy sectors show alternative projections based on alternative scenarios, while for some we could locate only a single projection, reflecting a single, business-as-usual scenario. However, it is important to notice that the sectors which provide multiple projections have based these projections on different sets of scenarios. Some employ the IPCC scenarios (IPCC, 2014), others the International Energy Agency scenarios (IE Agency, 2018), others the ABS population growth scenarios [Australian Bureau of Statistics (ABS), 2018b], but most use sets of scenarios designed by sector’s experts for the sector’s specific needs. All together more than 10 different sets of scenarios form the basis of the projections in Figure 3. In addition, our analysis found that these scenarios can be grouped in two types. The first type is forward looking and includes most projections: it is based on taking the state of a sector or process as it is now and considers how it may develop into the future. The second type is backward looking (e.g., carbon capture and renewable energy): it takes an aspirational state of the sector at some time in the future (as set by the Paris Agreement or Sustainable Development Goals, for example) and considers how it can be reached from the current state of the system. Finally, the time horizons of the projections vary considerably, from a few years for some business and economic sectors to a century for climate change and biodiversity projections. The implications of different sets and types of scenarios and time horizons are discussed in Section 4.



Local Context and Sector Interactions

The conceptual model in Figure 1 offers a broad system view of the components shaping the future of Australian oceans. We can also assess the system as viewed from each sector. As an example, the literature we reviewed for the sector specific projection of Maritime Transport, shortened to ‘Shipping’ in the figures (see Supplementary Material, Section 3), explicitly mentions global GDP, national GDP, global trade, mining, oil and gas, population growth and tourism as drivers of future development. This confirms connections included in the original conceptual model (Figure 1). In addition, however, it also mentions fluctuations in exchange rates, disease outbreaks, international terrorist threats and government regulations and compliances, which were not included in the original conceptual model. Adding these new factors to the conceptual model gives the updated structure shown in Figure 4.
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FIGURE 4. The original conceptual model further developed with information from the shipping sector. Interactions with processes not originally included in the conceptual model in Figure 1 are shown in red and constitute the additional insight obtained by combining top-down and bottom-up analysis of the system. Here and in all other figures, edges are plotted via different line styles for ease of visualisation.


A further example of the type of knowledge which can be gained by coupling a top down and bottom up system analysis is provided by the analysis of the fishing sector (Figure 5). In Figure 1 the fishery sector is linked only to aquaculture, tourism, Australia population and GDP, global trade, climate change and global food requirements. Literature searches provided us with access to a deeper and broader set of information on this sector’s projections (see Supplementary Material, Section 1) than for other sectors. In addition, the maturity of the sector, the level of regulations and a long history of model use also have an impact on the numbers of models and projections available. As a result, the projections we collected revealed a more nuanced understanding of the sector and its drivers than was revealed by analyzing Maritime Transport. In addition to what was already captured in Figure 1, our analysis reveals how the fishery sector is likely to be affected by diet preferences both in Australia and overseas, GDP growth in specific trade partners (Japan and China in particular), overseas aquaculture production, relative income distribution (both in Australia and overseas markets), disease outbreaks, balance with land food production in Australia, energy costs, exchange rates, environmental degradation, environmental regulations, black markets for fish products, societal attitudes toward fishing, technology, property rights and financial investments options (see Figure 5). Some of these drivers may be pertinent only to the fishery sector, while others may be relevant to other model components besides the fishery sector. For example, disease outbreaks, exchange rates and regulations, were already discussed in the projections of the Maritime Transport sector (Figure 4) and thus represent avenues for interaction between the fishery and the shipping sectors.
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FIGURE 5. The original conceptual model further developed with information from the fishery sector. Interactions with processes not originally included in the conceptual model in Figure 1 are shown in red and constitute the additional insight obtained by combining top-down and bottom-up analysis of the system. Similarly, the thick black arrows show additional direct connections from the natural world into the blue economy. Here and in all other figures, edges are plotted via different line styles for ease of visualisation.


The conceptual models for all remaining sectors are provided in links provided at Supplementary Material, Section 3 together with the original conceptual model in Figure 1 further developed with information from all Blue Economy sectors. In any modeling exercise, a suitable level of description needs to be found, which includes the components pertinent to the scope of the model. Fewer components may fail to describe important dynamical features of interest while more components may lead to unnecessary complexity (Fulton, 2001; Israeli and Goldenfeld, 2004). Finding a fine balance requires knowledge, system understanding and experience but also intuition; it is an art as much as a science. The final choice is also subjective and can be affected by the modelers’ expertise. Whether each sectors’ driver needs including into this comprehensive conceptual model that still holds relevance and legitimacy for the people/sector using it will likely depend on the purpose and the stakeholders involved, as discussed in Section 4.



Example Scenarios for the Individual Sectors

One of the purposes of developing a conceptual model as in Figure 4 is to better understand system function - that is how a perturbation to a model component may spread through the network of interactions. This may enable us to consider ‘what if’ scenarios and to prepare for them. One such example is provided in Figure 6, in which we consider a perturbation leading to a reduction in global trade. The thick links help visualize how such perturbation may spread through the system. In this hypothetical scenario, the direct impacts of a reduction in global trade lead to a trade imbalance negatively affecting the Australia GDP growth, a reduced demand for Australia mineral resources, a reduction in Australia energy production and requirement, a shrinking in shipping activities and a reduction in defense contracts. In turn, these lead to indirect impacts on offshore oil and gas production, attractiveness of seabed mining and carbon capture projects, a possible increase in attractiveness for renewable energy projects, a reduction in tourist numbers to Australia, and reduced exports of fishery and aquaculture production. In fact, this is very similar to the current situation arising in Australia as a result of COVID-19. Fishery and aquaculture are also further affected by possible increases in energy costs and local market demand.


[image: Flowchart illustrating the interactions within blue economy sectors. It includes factors like climate change, global trade, and population affecting extraction, renewables, and energy production. The diagram highlights desalination, carbon capture, and bioprospecting processes, along with activities such as defense, seabed mining, shipping, tourism, fishing, and aquaculture. Top influences include exchange rates, regulations, security/terrorism, and disease outbreaks. Connections are represented by arrows, showing dependencies and impacts on fish stocks, biodiversity, ecosystem services, and oceans. Vertical scale distinguishes global and national impacts.]

FIGURE 6. Path of spread of a perturbation to the Global trade component through the network of interactions captured by the conceptual model (thick links). This type of analysis may help a stakeholder team consider possible impacts of a set of ‘what if’ scenarios between linked components. Here and in all other figures, edges are plotted via different line styles for ease of visualisation.


In general, sectors may interact both via direct and indirect pathways, different pathways may have positive or negative impact and each pathway may have a different response time. This may result in transient dynamics and non-linear counterintuitive outcomes whose complexity may warrant analysis with numerical modeling. It follows that the considerations of ‘what if’ scenarios as described above are better suited to develop narratives of possible future developments than projections. In particular, they are best suited at preparing for possible uncertain futures and to help turning ‘unknown unknowns’ into known ones (Boschetti, 2011).



DISCUSSION

‘In preparing for battle I have always found that plans are useless, but planning is indispensable’ (Eisenhower, 1957).

In the Future Studies literature, it is commonly acknowledged that participating in a scenario exercise provides a type of learning which goes beyond what can be captured by the specific set of scenarios developed during the exercise (De Vries, 2007; Coates et al., 2010). The act of planning and exploring the future is considered, by some, more important that its outcome in the form of strategic planning and scenarios. The rationale for this statement is that by the time a plan or a scenario is formulated and deployed, the world has likely changed and a new plan and scenario is needed. However, the effort spent in understanding system functioning, considering alternative options, and exploring counterfactuals will make updating the plan and scenario faster and more effective. In the language of adaptive management, planning predisposes for better adaptation.

Within this context, we have made three contributions to the Future Studies literature with a specific focus on decision and policy making for Australia’s oceans under a Blue Economy lens. First, we propose a framework within which conceptual models, scenarios and projections can be integrated and consistently analyzed. Developing a conceptual model is necessary to ensure that a system view of a problem is accounted for and that the drivers acting at different scales are understood. Doing so before the scenarios are developed makes sure that drivers which may appear irrelevant to the scenarios under discussion, but which may indirectly determine how the system responds, are included. Once the scenario narratives are produced, projections of sector behavior, either modeled or independently developed by sector representatives, can provide a first-pass reality check on the plausibility of the scenario narratives. Comparison of the conceptual model and these projections informs us on whether the projections are consistent with the conceptual model. This can inform whether the conceptual model includes the minimum set of processes needed for a useful system representation, or whether it needs updating. It also highlights whether the projections themselves are consistent with system understanding (it is possible for projections to suggest an unrealistic outcome because the underlying model used omits constraints coming from the broader system). Sector projections also play the role of virtual indicators of expert confidence in future system behavior. As an example, by analyzing projections of development in several Blue Economy sectors, we show that among the four global scenarios modeled by the Great Transition Initiative, the Market Forces and Policy Reform scenarios appear to be more consistent with current expectations, because they more closely align with projected growth in most sectors. This suggests that, seen from within the Blue Economy sectors, the future of Australian oceans is perceived to be largely determined by the intersection of markets and policy making, with societal and technological innovation, as well as divisive geopolitical interests and conflicts (described by the Great Transition and Fortress World global scenarios, respectively), playing a secondary role.

Second, we highlight some specific challenges which need to be addressed in order to make the suggested approach more effective. On the one hand, projections from different sectors are likely to be based on scenarios and assumptions which are sector specific and difficult to compare. On the other hand, global scenarios may be too general to inform local sectors. This highlights the need to develop a set of scenarios which are informative and relevant to all Blue Economy sectors and which can be used for a comparative analysis. Borrowing from the concept of “Shared Socioeconomic Pathways” (O’Neill et al., 2014), high seas fisheries have already proposed “Shared Ocean Pathways” to provide a common framework for discussion of fisheries across nations participating in these fisheries (Maury et al., 2017). A set of “Shared Australian Ocean Pathways” could perhaps play a similar role at national scale across Blue Economy sectors. Particularly challenging will be to make these scenarios equally informative to sectors whose dynamics play out at very fast time scales, such as exchange rates and regional and global trade, as well as to biodiversity and climate change processes, which play out at decadal and secular time scales.

Finally, the conceptual model and sector projections are not the end-points of this study, rather they are tools to enhance communication among sectors representatives and stakeholders. As an example, these have already been used both to guide and to assess future scenarios exploring changes in Australian fisheries. This occurred as part of stakeholder engagement to support a fisheries research funding organization develop a new strategic plan. The model helped to clarify which of the global and national drivers could influence the sustainable management of seafood in Australia and via what paths such influence could materialize. Consideration of these drivers and linkages were used by stakeholder groups to define alternative future worlds as well as to widen the set of indicators requiring monitoring. Communication with sector stakeholders may also provide information about most suitable indicators of sector development and address uncertainty in the analysis which may arise when proxi indicators are used (in our case, water consumption for desalination and cruise passengers for tourism, as discussed in Section 3.1).

The conceptual model in Figure 1 and the sector projections in Supplementary Material, Section 3 should be viewed as living documents, which we intend to update at regular intervals following feedback and information provided by sector representatives with the aim of achieving a shared understanding of the functioning and possible futures of the Australian oceans in a Blue Economy. For this reason, we make our sector projections publicly available at https://research.csiro.au/oceanfutures/combining-conceptual-models-sectoral-futures-and-global-and-national-scenarios/.
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For almost two decades, marine protected areas (MPAs) have been a central instrument of coastal conservation and management policies, but concerns about their abilities to meet conservation goals have grown as the number and sizes of MPAs have dramatically increased. This paper describes how a large (15 years) program of transdisciplinary research was used to successfully measure MPA management effectiveness (ME)—how well an MPA is managed, how well it is protecting values, and how well it is achieving the various goals and objectives for which it was created. This paper addresses the co-production and uptake of monitoring-based evidence for assessing ME in coastal MPAs by synthesizing the experiences of this program conducted with MPA managers. I present the main outcomes of the program, many were novel, and discuss four ingredients (learned lessons) that underpinned the successful uptake of science during and after the research program: (i) early and inclusive co-design of the project with MPA partners and scientists from all disciplines, (ii) co-construction of common references transcending the boundaries of disciplines, and standardized methodologies and tools, (iii) focus on outcomes that are management-oriented and understandable by end-users, and (iv) ensuring that capacity building and dissemination activities occurred during and persisted beyond the program. Standardized monitoring protocols and data management procedures, a user-friendly interface for indicator analysis, and dashboards of indicators related to biodiversity, uses, and governance, were the most valued practical outcomes. Seventy-five students were trained during the projects and most of the monitoring work was conducted with MPA rangers. Such outcomes were made possible by the extended timeline offered by the three successive projects. MPA managers’ and scientists a posteriori perceptions strongly supported the relevance of such collaboration. Local monitoring and assessment meets the needs of MPA managers, and forms the basis for large-scale assessments through upscaling. A long-term synergistic transdisciplinary collaboration between coastal MPA managers and research into social-ecological systems (SESs) would simultaneously (i) address the lack of long-term resources for coastal monitoring and SES-oriented research; (ii) increase science uptake by coastal managers, and (iii) benefit assessments at higher levels or at broader geographic scales.
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INTRODUCTION
Global change and local anthropogenic pressures are affecting marine and terrestrial ecosystems worldwide at a pace faster than ever before in human history (Halpern et al., 2008; Ceballos et al., 2017). Coastal ecosystems are particularly vulnerable to global changes through coastline erosion and extreme events, and to the adverse consequences of human activities. Among coastal ecosystems, coral reef ecosystems are under intense threats from multiple stressors (Ban et al., 2014; Darling et al., 2019, among others).
Marine protected areas (MPAs) have been a central instrument of coastal conservation and management policies for almost two decades, and strengthening MPA coverage, and effectiveness crucial for international agendas [e.g., Aichi Target 11 (Convention for Biological Diversity [CBD], 2014) and Sustainable Development Goal (SDG) 141 ]. many recent papers have debated or documented the real degree of protection afforded by MPAs (Edgar et al., 2014; Campbell et al., 2018; Strain et al., 2019; etc.), pointing to the risk of “paper parks” that fail to meet their goals (Agardy et al., 2003; Rife et al., 2013). The unprecedented number of recent and sometimes large MPAs has raised the issue of their effectiveness at achieving high standards in environmental and social performance; a concern reflected in the creation of guidelines for performance assessments (Parks et al., 2004) and quality labels for effective MPAs2 ,3 (Wells et al., 2016).
This paper refers to MPA management effectiveness (ME), a notion stemming from the International Union for Conservation of Nature (IUCN) World Commission on Protected Areas4, and subsequently used by the Convention on Biological Diversity (CBD)5. ME pertains to “how well a protected area is being managed, and primarily the extent to which it is protecting values and achieving the various goals and objectives for which it was created” (Hockings et al., 2006). Values include ecosystem services and functions, biodiversity, landscape, and geomorphological features, as well as cultural, socioeconomic, and research- and education-related aspects. In this paper, the term assessment refers to MPA ME assessment, i.e., MPA ME is gauged with respect to the management goals and objectives. Wells and Dahl-Tacconi (2006) listed all benefits for MPAs of conducting such assessments. An indicator-based methodology for MPA ME assessment was produced through an international collaboration of managers and experts under the auspices of the IUCN (Pomeroy et al., 2005).
Most MPAs have a management plan stating the goals and objectives against which MPA ME effectiveness must be assessed. Monitoring and assessment should guide management interventions in the short and medium terms. Local monitoring and assessment of biodiversity generally also lay the foundations for higher-level (national and international) assessment needs through successive upscaling, e.g., for evaluating the good ecological status in European seas (European Union [EU], 2008) or for supporting international reporting or assessment (Convention for Biological Diversity [CBD], 2014; United Nations [UN], 2016, among others, see Weatherdon et al., 2017 for a list of international treaties and policies in need of data for assessments).
Periodic monitoring programs should provide consistent assessments over time. Monitoring is achieved with various operators including MPA staff, consultants, NGOs, and research scientists. Additional data are collected within research projects. Addison et al. (2015) showed that even where periodic monitoring existed, management agencies preferred to conduct qualitative MPA ME assessments based on expert interpretation of monitoring results. But they also observed a willingness from management practitioners to better utilize monitoring data in quantitative condition assessments.
The workflow from monitoring to assessment, and to final knowledge products (understood here as the set of outputs ready for dissemination to end-users), is rarely fully documented and reproducible, which is detrimental to the uptake of monitoring-based science by MPA managers and beyond. Similarly, the link between research data and decisions is not always explicit, resulting in a number of scientifically sound datasets not being used to inform policy and decisions (Weatherdon et al., 2017). This was particularly the case for MPA management, where very few MPAs reportedly used monitoring-based results to inform management (Gill et al., 2017). Strategic linkages are needed to ensure the use of ocean observations across scales to address management and policy needs at local, regional, and global scales (Evans et al., 2019). At intermediate scales, e.g. in the wider Caribbean region, the science-policy interfaces appear as a network of relationships, and the extensive use of science in policy is uncommon (McConney et al., 2016). At the European Union (EU) level, implementing the ecosystem approach requires a stronger integration of science, policy/management, and society, consistently with the CBD recommendations (Ramírez-Monsalve et al., 2016).
This paper discusses transdisciplinary experiences in an applied research program aimed at assessing MPA ME for coastal MPAs. The program involved close cooperation between MPA managers and scientists from several disciplines to conduct monitoring-based ME assessments. I present the approach, outcomes, and perceptions of the project partners. From this experience, I then identify and discuss four lessons learned early in the program that were essential to fostering science uptake. Finally, I propose ways to achieve longer-term synergies between scientists and MPA managers that will help to address some challenges of both research into coastal social-ecological systems (SESs) and, coastal monitoring and assessment.



PROJECTS AND METHODS


Overview of Projects

The research program consisted of three projects that took place successively from 2004 to 2017 to support science-based coastal management. Project 1 (LITEAU2-AMP, 2004–2006) aimed to develop decision-support diagnostic and exploratory tools for assessing MPA performance. Project 2 (PAMPA, 2007–2012) aimed to construct and document indicators of MPA ME together with corresponding monitoring protocols and assessment tools. Project 3 (AMBIO, 2012–2017) built on the previous two projects by developing and adapting monitoring, and assessment methodologies for biodiversity and uses (particularly for large MPAs), and transferring them to managers and consultants.

The three projects had four common features: (i) funding from management-oriented agencies; involvement of (ii) scientists from ecological, economic, and social sciences; and (iii) management practitioners from different MPA contexts; and (iv) a focus on the production of practical outcomes and decision-support tools for monitoring and assessing MPAs.



MPA Partners

The MPAs involved spanned five regions of the world, with two in mainland France and three in overseas territories in the Atlantic, Indian, and Pacific oceans (Supplementary Material 1). They corresponded to different institutional and governance settings, contrasting sizes, ages, and protection levels, from the small marine reserve to the large multiple-use marine park. In Project 2, the French MPA Agency was an active partner, and the French Coral Reef Initiative (Ifrecor) ensured the participation of overseas MPAs and assisted with communicating outcomes to other MPAs not in the project.

Project 3 chiefly concerned New Caledonian MPAs, including World Heritage properties and the Coral Sea Marine Park. The vastness of these MPAs was central in the project. Monitoring and assessment methods of Project 3 were also applied at La Réunion and Mayotte MPAs during the project.



Methods

The projects were built around workshops and intersessional activities, with an extensive program of outreach that brought partners, managers, and agencies together, facilitating broad discussions on MPA management. The overall program evolved as follows:

	1. The initial workshops aimed to explicitly define management objectives, priorities and constraints as well as to provide contextual information and existing data for each MPA. Using a common template elaborated beforehand, these were held in each MPA, and in clusters for Mediterranean MPAs and for overseas MPAs.
	2. Later workshops were on specific methodological topics: conducting indicator-based assessments, interpreting indicators and constructing dashboards, ingredients of socioeconomic assessments, and definition and dissemination of data-based products. All project partners were invited to foster transdisciplinarity and capacity building within the consortium.
	3. The final series of workshops convened a broader audience to share outcomes with project outsiders, engage in discussions and seek additional inputs, with the goal of making the outcomes more generic and applicable for other MPAs.

Between the workshops, activities were conducted in each MPA and by the scientific team in charge of coordination and tool development. In Project 2, this team devised monitoring protocols and assessment methodologies, and generic templates and guidance documents for implementing the same approaches across sites and facilitating distant work across the five regions. The junior scientists from the coordination team developed the user interface and common references together with field experts. In Project 3, the coordination and development team played a similar role in a less geographically dispersed context.

At the ends of Projects 2 and 3, MPA managers and scientists were asked to express their perceptions on the project.

The outreach program was substantial in Projects 2 and 3: the methodologies and other scientific outcomes were transferred to the MPA managers (and to private operators and consultants for Project 3) through a series of meetings, presentations and public conferences that took place in different settings.



Projects’ Outcomes


Initial Perceptions of MPA Managers and Scientists

The Project 1 workshops facilitated a broad discussion of MPA-related projects and management issues. The audience included scientists from the natural and social sciences, nine managers from different MPA contexts, and representatives from NGOs and agencies. A methodological framework for indicators (Beliaeff and Pelletier, 2011) and a common glossary were discussed. The exercise documented the interactions between the scientists and MPA managers, their respective expectations and constraints, and how mutually productive interactions could best be achieved (Supplementary Material 2).

MPA managers pointed out the contribution of MPA-focused research to adaptive management. They wanted an operational science-based toolbox to support management activities, in particular for MPA ME assessment. They underlined their MPA was involved in numerous research projects with little coordination among scientists, and a potential to unnecessarily interfere with local stakeholders. Scientists highlighted the need for better information from managers, including access to previous research projects and data. The group as a whole spoke in favor of structures to facilitate dialog between managers and scientists. These exchanges stimulated the partnership for Project 2, which included a number of the same participants.



Co-constructing the Project Framework and Approach

In Project 2, the four workshops held over the first year laid a consensus-based foundation and were crucial to promote consistency across MPAs and disciplines. A conceptual model was proposed (Figure 1) and was subsequently used in Project 3. A glossary and a common formulation of management goals and objectives (Table 1) were produced. The goals spanned the three main domains reflected in the MPA management plans: biodiversity, uses and MPA governance The MPA managers listed possible interventions (or responses) to progress toward the achievement of each objective: regulation of activities, by law or agreements with users, communication and education, monitoring and enforcement. MPA ME assessment aimed to indicate where intervention was needed, and to guide managers toward the appropriate response.


[image: Flowchart illustrating relationships in marine protected areas. "Biodiversity" and "Uses" are influenced by environmental, ecological, and socioeconomic drivers. Arrows indicate interaction through protection, adaptation, ecosystem services, and perceptions toward conservation/management in marine protected areas.]

FIGURE 1. Conceptual model used for Projects 2 and 3. The model depicts the relationships between biodiversity, uses, and management responses in the MPA. It was derived from the DPSIR (Driving forces-Pressure-State-Impact-Response) framework (Organisation for Economic Co-operation and Development [OECD], 1993), developed for indicator definition and widely used in environmental assessments (Beliaeff and Pelletier, 2011).



TABLE 1. Consensus-based formulation of MPA management goals and objectives that laid the foundation for subsequent work on the indicators and decision-support tools.

[image: Table listing management goals alongside their objectives for marine protection areas (MPA). Goals include sustainable resource exploitation, biodiversity conservation, sustainable uses, management sustainability, stakeholder participation, social acceptance, and knowledge dissemination. Objectives focus on maintaining species, ecosystem functions, management efficiency, stakeholder involvement, and reducing conflicts.]The overall methodology of the project was agreed (Figure 2). Existing data had to be utilized, and where the data were lacking, observational protocols should be developed with the condition that they could be implemented by MPA staff or non-scientific staff.


[image: Flowchart showing the steps for managing goals and objectives. Step 1: Formulate generic goals and objectives. Step 2: Identify candidate indicators for each objective. Step 3: Collate and collect information. Step 4: Calculate candidate indicators using graphics and statistical tests. Step 5: Devise interpretation rules for each indicator per objective. Step 6: Organize indicators into dashboards per objective. An arrow loops from the last step back to the third step.]

FIGURE 2. Consensus indicator approach for Project 2.


Expectations from partners were diverse and high, and these workshops also provided a place to clarify what the project would not achieve. Equally important was the time-consuming task of writing a consortium agreement, which was essential for building trust and data sharing.



Ecological Data: Evaluating the Existing Data and Proposing New Protocols

Most existing data pertained to the conservation goals (1 and 2, Table 1). They had been collected from three sampling platforms: (i) diver-operated underwater visual censuses (UVC) using several designs and protocols to survey fish, invertebrates, benthic fauna and cover; (ii) catch and effort data collected either on board or from landings, from recreational and small-scale fisheries and from scientific surveys; and (iii) unbaited underwater video landers for fish and benthic cover. The adequacy of the sampling design for MPA ME assessment was evaluated during joint meetings, as many samples had been collected for other purposes. Out of 33 data sets, 22 were suited for assessing the ecological effects of protection. Metadata were documented using a common template. Technical training was concurrently provided to build the partners’ capacity in MPA statistical assessment and appropriate sampling designs.

In Project 2, underwater video data were collected in two MPAs to provide spatially replicated data (Pelletier et al., 2012). During Project 3, the protocol was consolidated into a standardized operating procedure (Pelletier et al., 2016) to address monitoring needs for vast MPAs, and was extensively implemented (New Caledonia, Indian Ocean, and Cerbère-Banyuls, Supplementary Material 1). Field work was conducted with rangers, local fishers, and participatory management committees.



Protocols for Monitoring Recreational Uses

Characterizing and assessing human uses within and around the MPA was a priority for all MPA managers (Supplementary Material 2, #6). No data being available, an original standardized protocol comprising on-site user counts and interviews was devised with the managers. Interviews relied on a questionnaire to characterize use pressures and user perceptions fishers, catch, and fishing effort. Data was collected in each MPA over at least 12 months by or with MPA rangers (Supplementary Material 3). A database was constructed to facilitate the input and validation of all use-related data. During Project 3, the protocol for user counts was modified to address new operating constraints for MPA rangers. The consistency of data over time enabled the analysis of changes in MPA use at a decadal scale (Gonson et al., 2016).



Standardized Assessments: Indicators, Generic Tools, and Reference Data

Indicators relevant to each management objective were selected during workshops. The proposed ecological indicators were prioritized with MPA managers to address specific assessment needs, e.g., iconic species, sensitive habitats, target species or fishing gears which differed between MPAs and between ecosystems.

With respect to uses and users, pressure-related metrics obtained from user counts included the (i) number of boats or of users; (ii) number of boats moored, beached or anchored for boat-based activities; and (iii) number of fishers for shoreline fishing. Fishing-related metrics (effort in number of gears and/or time, and catch per unit effort) were computed from the questionnaires. Perception metrics also derived from the questionnaires described user awareness of MPA and fishing regulations, opinions on MPA effects and management, and perceptions of conflicts between users. The indicators related to MPA governance and to education and knowledge were iteratively co-developed during four workshops, and then prioritized by MPA managers (Supplementary Material 4).

An R-based user-friendly interface was developed to compute, plot and statistically analyze numerous ecological and use-related indicators (Supplementary Material 5). It was iteratively improved over 4 years (corresponding to an effort of ∼72 person. months) following extensive testing by partners. This required defining common data formats across ecological sampling protocols; common references for taxonomic and species traits, fishing gears; and a spatial reference table for handling georeferenced data in each MPA. Species and fishing gear references were interoperable with international references. Project 3 improved and reused the user interface (Pelletier et al., 2014), and further developed the spatial reference table for New Caledonia (Gonson and Pelletier, 2018). These tools enabled the efficient analysis of large underwater video datasets to produce the first large-scale baseline assessment of New Caledonian MPAs (Pelletier et al., 2020; Schohn et al., 2017a,b).



Management-Oriented Outputs: Indicator Scoring and Dashboards

The managers generally preferred simple non-technical assessments, but also wanted access to the underlying scientific evidence, either to reach a finer understanding or for assessment transparency.

In Project 2, the ecological indicators were scored using the color codes used for the Water Framework Directive (European Union [EU], 2000). Here, the colors scored the need for a response from the manager, from “no intervention required,” to “strong intervention needed.” Due to the lack of reference values for most indicators, color codes were agreed between the expert partners during two workshops. In Project 3, the wealth and broad coverage of data allowed color codes to be derived from indicator values.

The dashboards aimed to track progress toward each management objective and orient possible interventions. For the conservation goals, it relied on the conceptual model with indicators depicting the State (ecological) and Pressures (use-related) that might affect the State, and indicators likely to guide management toward the appropriate Response (MPA management intervention). For each MPA, results were compiled into a comprehensive report that enabled tracking the assessment from field collection (e.g., Tessier et al., 2011). Project 3’s assessment reports comprised both a non-technical synthesis with radar plots for comparisons between sites, and detailed assessment results with dashboards (e.g., Schohn et al., 2017a,b).



Capacity Building and Dissemination

Both were essential during and after the projects. Capacity building occurred through interdisciplinary exchanges and shared methodologies. Monitoring activities conducted with rangers and managers provided additional opportunities for discussions. Tools and protocols were transferred to managers and consultants through presentations, trainings, and guides (Pelletier et al., 2014, 2016).

Student supervision substantially contributed to building capacity in management-oriented science, with 54 students in Project 2 (many interns were hired by the MPAs) and twenty in Project 3. Students were immersed in the projects’ transdisciplinary approach and atmosphere, and several were subsequently hired in the field of marine monitoring, whether in NGOs, management agencies or MPAs, or they created their own business as consultants. They currently apply or adapt some of the approaches and skills learned (e.g., Gamp et al., 2016).

The numerous standardized deliverables ensured that the activities and outputs may be tracked and reproduced, and facilitated the dissemination of outcomes toward both partners and beyond the consortium. Dissemination to technical audiences, s.a. MPAs and agencies, and to the public, was given high priority through multiple presentations, roundtables and workshops in the different regions. The final conference of Project 2 gathered a broad audience of management practitioners and agencies, and the video recordings were made accessible on the Web6. In Project 3, the use of underwater videos facilitated engaging knowledge exchange with local management committees and the public, who were able to discover (for some) “their” marine biodiversity and resources through the video clips provided.

Overall, these efforts resulted in direct and indirect assimilation of outputs during and beyond the projects, including for the construction of the French MPA dashboard (Agence des Aires Marines Protégées [AAMP], 2014; Supplementary Material 3).



A Posteriori Perceptions of the Project Partners

The MPA managers’ perceptions were overall very positive (Supplementary Material 6). Among others, the utilization of existing MPA data was valued by both managers and rangers as it tested the usefulness of spending resources on monitoring, and sometimes improvements in sampling design were suggested. The information-rich outcomes were differently appreciated by the MPA managers (Supplementary Material 6, #4).

The scientists’ perceptions were also supportive of the transdisciplinary dynamic. They enjoyed the tools as a time-saver for indicator analysis, the methodological workshops, and topical discussions on MPA governance, MPA ME assessment, indicator scoring, and dashboard construction. However, they felt that there was insufficient opportunity to publish science because all available time was required to develop tools, complete field work, effectively communicate and report to stakeholders, and to ensure the project’s cohesion through coordination. Publishing such transdisciplinary science was also found difficult, despite the claims of journals, as experienced from feedback asserting that the science had only a “local” relevance.

The partners wanted to build on the project to establish a science-practitioner interface in the long term. Over a 2-year period following Projects 2 and 3, further events were successfully held to transfer outcomes to MPAs and agencies. However, despite the willingness of local practitioners, including beyond project partners, this network and dynamic were not supported at the institutional level and did not receive support from management agencies or research institutes. Science uptake thus occurred outside of an organized framework through (i) a persisting relational network; (ii) the tools provided and adopted by the MPAs; and (iii) the capacity transferred to management practitioners, scientists, and students.



DISCUSSION


Four Learned Lessons That Fostered Science Uptake

Fostering the uptake of science in this extensive and successful transdisciplinary program can be summarized as follows:

	• Lesson 1: Early and inclusive co-design of the project with MPA partners and scientists from all disciplines.
	• Lesson 2: Co-construction of common references transcending the boundaries of disciplines and, standardized methodologies and tools.
	• Lesson 3: Focus on outcomes that are management-oriented and understandable by end-users.
	• Lesson 4: Ensuring that capacity building and dissemination activities occur during and persist beyond the program.

Lesson 1 is the prerequisite for constructing a transdisciplinary partnership, understood here as “different disciplines working together with non-academic collaborators to integrate knowledge and methods, to develop, and meet shared research goals achieving a real synthesis of approaches” (Kelly et al., 2019). This prerequisite was e.g., identified by Brandt et al. (2013); Cvitanovic and Hobday (2018), and Gurney et al. (2019). Transdisciplinarity was made possible here through the co-construction and consensus on the semantics, the conceptual model, and the common methodology. Our conceptual model was not an SES framework in the sense of Ostrom (2009) [e.g., implemented by Gurney et al. (2019)] or Mascia et al. (2017). It had to capture the transdisciplinary essence of the project while being simple enough to be appropriated by partners. It was also consistent with the goal of defining indicators for MPA ME assessment and for guiding management response, in relation to the DPSIR framework, which has an action-oriented perspective rather than an analytical purpose (Binder et al., 2013).

Lesson 2 was necessary to operationalize a common methodology for real-world problems. Tailored standardized methods and co-constructed user-friendly tools contributed to strengthening the interface between science and MPA management. Common references are particularly needed in projects that encompass several case studies and where objectives transcend disciplines, here MPA ME assessment. In a program addressing conservation in several Indo-Pacific countries, Gurney et al. (2019) defined key social-ecological attributes relevant to the program’s objectives and applicable across multiple countries and management actions. Subsequently, they could implement the same monitoring protocols and indicators across sites. Our program produced numerous standardized outcomes (see sections “Ecological Data: Evaluating the Existing Data and Proposing New Protocols,” “Protocols for Monitoring Recreational Uses,” “Standardized Assessments: Indicators, Generic Tools and Reference Data”) and notably a versatile user-friendly interface. Villaseñor-Derbez et al. (2018) developed a user-friendly web-based app to test ecological, socioeconomic and governance indicators for assessing the effectiveness of no-take marine reserves. Our interface differs in several ways: (i) it is not presently web-based, as first developed in 2011; (ii) it can handle a variety of ecological monitoring protocols; (iii) the set of indicators is not predefined to enable exploration of a wider spectrum of ecological and use-related indicators; and (iv) the scorecard is not produced by the interface. The last three development choices resulted from MPA manager preferences. The user interface was iteratively improved with end-users over 4 years, and is currently used by several scientists and by four MPAs for processing monitoring data.

More generally, decision-support tools should aim at broad utilization, while being tailored to the needs of managers and other users including scientists. Weatherdon et al. (2017) underlined this need for “iterative co-design of a user-friendly interface, standardized, comprehensive, and documented methods with quality assurance, consistent capacity, and succession planning, accessible data, and value-added products that are fit-for-purpose” as a condition to the production of knowledge conveying the information required by policy- and decision-makers. There are currently very few such interfaces for producing and analyzing knowledge products from monitoring data to support marine management and policy, whereas the demand from stakeholders for tools to support outcome-based approaches in environmental management is increasing (Hewitt and Macleod, 2017).

With regard to Lesson 3, several science needs initially expressed by MPA managers (Supplementary Material 2, #6), were addressed. Hence, monitoring protocols for characterizing and assessing use-related pressures and accounting for MPA manager constraints were developed and implemented by rangers and MPA staff. Monitoring of uses is rarely routinely integrated in MPA ME assessment (Tobin et al., 2014). Underwater video monitoring protocols were devised, and subsequently implemented by trained operators together with non-scientific staff. The devised protocols and data processing enabled producing maps of use-related pressures and biodiversity indicators7, thereby addressing another expressed need. Spatial information is crucial for all environmental decision-makers as a means of communicating about interventions (Hewitt and Macleod, 2017), particularly for MPAs. Last, uncertainties (Supplementary Material 2, #6) were accounted for through the statistical tests in the user interface, and the reliance on statistical significance in the indicator dashboards.

The usefulness of the outcomes largely reflected in the MPA manager perceptions (see section “A Posteriori Perceptions of the Project Partners”). Following the program’s conclusion, the outcomes most reused by MPAs were the protocol for monitoring uses, the dashboard approach and its semantics, and the methodological guide for underwater video monitoring.

Lesson 4 dealt with dissemination and capacity building. The deliverables were standardized, understandable, and reusable by scientists from several disciplines, management practitioners, and management agencies (see section “Standardized Assessments: Indicators, Generic Tools, and Reference Data”). They were widely disseminated through networks or made freely accessible (open access archives and map servers), ensuring the spillover of outcomes beyond the program’s partnership and timeline. Interestingly, the MPA managers largely communicated about Project 2 through seminars with peers, media interviews, MPA newletters, and activity reports (Supplementary Material 7). The fact that the final users of science spoke about the approach and outcomes themselves was considered a strongly positive indicator of science uptake. In Project 3, imagery-based evidence facilitated knowledge exchange with local stakeholders. Moreover, images provided a sense of pride and custodianship about the territory, with positive consequences for caring about their environment, a perception also shared by managers in another MPA context and contributing to science uptake (Cvitanovic et al., 2016). Local communities and stakeholders may be reached, either by involving them in management or through educational activities, thereby contributing to goals 6 (social acceptance of the MPA) and 7 (knowledge improvement and education) of the MPA management plans. Such science programs enhance trust building between MPA managers and community members (Cvitanovic et al., 2018).

Guidance documents and training for end-users were key resources for dissemination and capacity building. A similar experience was reported by Gurney et al. (2019) who trained practitioners in four countries and delivered a multilingual handbook during the program mentioned under Lesson 2. Capacity building is central to improving MPA ME and major regional gaps in conservation capacity have been identified (Elliott et al., 2018). Gill et al. (2017) showed that adequate staff capacity was the most important factor in explaining the response of fish to MPA protection; accordingly they also found that only 13% of MPAs reportedly used results from scientific monitoring (biological, social or management) to inform management. However, many MPA staff are willing to forge a stronger link between MPA ME and evidence-based management (Addison et al., 2015, see section “Introduction”). For junior scientists and MPA staff, our projects offered a favorable context for learning about “the main five focal areas of importance to contemporary conservation: policy, practice, collaboration, leadership and interdisciplinarity” (Elliott et al., 2018, see also Kelly et al., 2019). Furthermore, the projects provided junior staff with a highly beneficial sense of empowerment in conservation practice (Cvitanovic and Hobday, 2018).



Provision of Time Was a Crucial Enabling Ingredient

With a typical project duration of 2–4 years, establishing a transdisciplinary consortium is challenging as more time is needed to understand each other and work in harmony. For instance, a collaborative process between scientists, managers, and recreational fishers aimed at reshaping science-based conservation practice required 10 years to be successfully developed (Caudron et al., 2012). Our three projects successively built upon one another. The participation of several partners in two or three projects created continuity in the consortium, fostered the involvement of additional partners and the establishment of a transdisciplinary network. The extended timeline was also key for iterative testing of the methodologies with end-users.

The provision of time matters also because science uptake continues several years after the projects, here through the legacy afforded by the deliverables, the persistence of the relational network, the use of tools, the adoption of outcomes by MPAs, and the movement of former students into new conservation-related jobs. A delayed uptake may be explained by the relative novelty of the approaches. Transdisciplinary problem-oriented (here, assessment- and management-oriented) projects often give rise to innovations (Mainzer, 2011). The four conditions for the diffusion of innovation identified by Rogers (2003) were exemplified here: existence of early adopters, communication channels, provision of time, and acceptance by the concerned group or organization.

This experience demonstrated the amount of time and work needed to develop standardized approaches to monitoring and assessment. By the same token, the lack of time left to simultaneously publish in mainstream journals is an obstacle to engaging more academic scientists in such activities, notably early career scientists. As also underlined by Caudron et al. (2012) and Cvitanovic et al. (2015), the current measures of science impact ignore engagement activities, and institutional support is urgently needed to provide time and resources for such engagement.



Achieving Transdisciplinary Synergies Between Coastal MPAs and Research

Over this 15-year program, a range of outcomes, benefits, and problems were experienced by the coordination team and by the consortium (Table 2). The program’s legacy expands perspectives for future cooperation serving both research and coastal management through monitoring and assessment activities. Similar time-series data on biodiversity, human uses of MPAs and MPA governance are necessary to assess MPA ME and to conduct transdisciplinary research into complex coastal SESs. Moreover, local monitoring must serve additional assessment and reporting needs at larger scales (see section “Introduction”), through Essential Biological Variables and Essential Ocean Variables (Muller-Karger et al., 2018). Local assessments must thus be both scalable enabling consistency across regions, in addition to being robust and locally informative. However, monitoring costs are still incurred at the local scale and likely exceed the MPA and science resources because (i) the involved ecological, socioeconomic and management territories are often vast, (ii) several facets of SESs must be monitored, and (iii) spatial replication is needed to appraise complex SESs and to assess ecological status (among others).


TABLE 2. Experienced benefits and difficulties in running these transdisciplinary MPA management-oriented projects.

[image: Table listing benefits and difficulties. Benefits include a solid consortium, transparency, standardized outcomes, appropriate tools, partner satisfaction, and contribution to MPA goals. Difficulties involve time-consuming communication, tool development, publication challenges, dependency on resources, funding difficulties, and delayed science uptake.]A cost-efficient partnership could be organized to sustain win–win science-management interactions in coastal MPAs (Table 3). The evolution of MPA managers’ perceptions and the partners’ willingness to engage in longer-term partnership at the science-practitioner interface suggested a collaborative model of applied research cofunded by research, policy-makers, and management agencies and that would target both transdisciplinary SES research and local MPA ME assessment with the view of upscaling to higher-level assessments.


TABLE 3. Synergies between coastal MPAs and transdisciplinary research into SESs.

[image: Table comparing what is provided and received by Science and MPA (Marine Protected Areas). Science provides monitoring protocols, logistics, assessment methodologies, data management, expertise, and higher-level data use. MPA provides logistics, contextual information, scenarios, and new observations. Science gets data for social-ecological research, stakeholder access, and local knowledge. MPA gets assistance for monitoring, responses to scientific questions, and assessment validation by scientists.]On-site monitoring operated by both scientists and local experts such as management practitioners, would definitely benefit both research and management. Securing monitoring in the long-term then enables organizing transparent and reproducible data workflows together, including data collection, knowledge production and dissemination, and data management. In situ monitoring remains indispensable for environmental science and management. Ad hoc human resources and funding are dropping, despite increasing environmental challenges and calls for continued science-based evidence. Consolidating monitoring bases and organizing bottom-up and shared and consistent knowledge flows to document multiple assessment needs requires the joint efforts of both engaged scientists and local management practitioners.
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By definition, marine protected areas (MPAs) and other effective area-based conservation measures (OECMs) address spatial aspects of the ecological processes and marine features. Such a requirement is especially challenging in areas where there is no clearly defined jurisdiction. However, in these areas, assigning sovereignty and rights can be achieved through bilateral or multilateral agreements, or with the use of alternative dispute resolution (ADR) tools such as mediation and arbitration. In some cases, states may engage in transboundary marine conservation initiatives to provide an entry point to enable wider collaboration. These processes can also evolve into a form of ‘environmental peacebuilding’ while ideally maintaining ecosystem functioning and resilience as a core goal. Conversely, MPAs and OECMs can also be used to assert maritime sovereignty rights over disputed waters, under the pretext of conserving marine habitats. This paper identifies emerging issues of conflict resolution and their interaction with transboundary marine conservation. While ADR focuses on negotiations and facilitated processes between state representatives (“track one diplomacy”), we also discuss other forms and levels of marine environmental peacebuilding and dispute resolution, particularly those between civil society organizations (“track two diplomacy”). The six case studies presented highlight areas of recent maritime conflict or border disputes in the Mediterranean Sea, the Red Sea, the West Indian Ocean, the Korean West Sea and the South China Sea. In all cases, high ecological value, vulnerable ecosystems, and the need to conserve ecosystem services provide a shared interest for cooperation despite on-going diplomatic difficulties. The strategies used in these cases are analyzed to determine what lessons might be learned from cross-border collaborative marine initiatives in situations of territorial dispute. The use of ADR tools and their ability to support joint marine initiatives are examined, as well as how such initiatives contribute to formal border negotiations. Other forms of inter-state dialogue and cooperation between local or civil organizations, circumventing formal treaties and negotiations between state leaders (‘track two’) are also investigated. Finally, other influencing factors, including third-party involvement, stakeholder interests, power dynamics, economic context, and socio-cultural aspects, are considered.
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INTRODUCTION
Marine protected areas (MPAs), and other effective area-based conservation measures (OECMs) take various forms in regions of border disputes. The proposal and implementation of these area-based measures can, in turn, influence geopolitical relations between adjacent states. Efforts include bilateral and multilateral initiatives between countries, peri-border ‘buffer’ zones or demilitarized zones (DMZs), as well as unilateral implementation of conservation areas to apply control over a region (Mackelworth et al., 2019). As on land, these transboundary initiatives can be used for improving inter-state relations (i.e., ‘environmental peace-building’), as either a primary or secondary goal, alongside ecosystem protection or rehabilitation (Mackelworth, 2016; Portman and Teff-Seker, 2017). In some cases, however, countries have used the pretext of marine conservation for ‘ocean grabbing,’ i.e., to establish maritime sovereignty rights or access, under the pretext of protecting marine habitats (Bennett et al., 2015; Mackelworth et al., 2019).
This article examines how MPAs and OECMs are implemented in, and affected by, efforts to resolve maritime border disputes. Specifically, it focuses on alternative dispute resolution (ADR) tools, in conjunction with transboundary conservation efforts.1 The article also addresses “track two diplomacy” initiatives, in which civil society initiatives take place across borders. The article reviews case studies from Europe, the Middle East, South-East Asia and Africa, where MPAs and OECMs were either planned or implemented, describing their interaction with specific ADR tools (see Figure 1). These are all cases where the protection of ecologically significant areas interacts with important ecosystem services such as fisheries, tourism, and mineral extraction. These provide a shared interest for collaboration despite possible diplomatic difficulties, offering joint goals and potential synergies for all sides. In some cases, joint management has not been fully achieved for different reasons. Nevertheless, lessons learned from analyzing partial success, as well as failure (Giakoumi et al., 2018) may provide insights into these and other cases, where conserving marine biodiversity across borders, as well as in the area beyond national jurisdiction (ABNJ), is becoming a priority.
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FIGURE 1. Map of marine-related ADR case-studies.



Alternative Dispute Resolution

Alternative dispute resolution (ADR) uses non-coercive, non-legislative methods to settle conflicts, whether on an individual, corporate or international level (Price, 2018). The term ADR includes several non-violent techniques used instead of litigation to determine the outcome of an on-going conflict (see Table 1). ADR processes are intended to be less formal, shorter and simpler, and therefore more accessible and affordable than official proceedings in courts, civil or international. In civil cases, they are increasingly encouraged by courts and governments around the world, as they also have the potential to decrease the workload of an already overburdened court system (Bercovitch and Jackson, 2001; Price, 2018). In international cases, where negotiations, mediation and arbitration are often preferred to international courts, ADR frameworks and tools have grown and improved continuously since the 1950s (Lundgren and Svensson, 2020). In terms of international maritime law, the United Nations Convention of the Law of the Sea (UNCLOS), specifically, encourages parties to resolve maritime disputes through ADR (UNCLOS, Part XV “Settlement of Disputes”), stating that disputing parties should first attempt to resolve conflicts by “peaceful means of their own choice” (art. 281). If this is not enough, the convention also provides four mechanisms for binding legal procedures: ITLOS (International Tribunal of the Law of the Sea), ICJ (International Court of Justice), and two forms of Arbitration (art. 287).


TABLE 1. Descriptions of common alternative dispute resolution (ADR) tools.
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In addition to cost-effectiveness and greater expediency, for international cases ADR offers much needed flexibility, as often parties to a dispute may have different laws, legal systems and norms. ADR allows parties to choose a mutually agreed venue and facilitator(s), and have a custom-made process that would suit both or all sides in a manner that international courts (e.g., ICJ or ITLOS, in maritime cases) do not offer (Hadwiger, 2017). In maritime cases, where issues of borders and legal rights are often ambiguous and different than land-based equivalents (Mackelworth et al., 2019), this “customization” option can be particularly important.

Two of the most common ADR tools are mediation and arbitration. Bercovitch and Jackson (2001) define mediation as an extension of negotiations, where parties choose a party that is not directly involved in the dispute to resolve their differences without invoking legal authorities. While this turns a bi-lateral relationship into a tri-lateral one, potentially adding complexity, it also provides new possibilities for all sides involved (Bercovitch and Jackson, 2001). In arbitration, the two sides choose an arbitrator to act as a judge, hear the arguments, and make a binding decision based on the facts presented. Unlike litigation, this process takes place outside the courtroom and can be binding or non-binding (Pappas, 2015; Hadwiger, 2017).

Another common dispute resolution tool is collaborative law, a voluntary process in which each party has its own representative (often lawyers), in an attempt to collaborate and reach a mutually beneficial agreement outside the court (Lande and Herman, 2004). ADR can be considered similar to the “Soft law” concept which refers to quasi-legal instruments with little or no legally binding framework. Soft law is often associated with international or transnational participants, including most UN resolutions and voluntary action plans, such as Agenda 21 (Kirkman and Mackelworth, 2016).

The current paper primarily examines case studies that involve the more common, and easily identified, ADR tools of mediation and arbitration, but also as other types of conflict management or resolution, and various forms of diplomacy. It discusses how ADR tools and track two initiatives are implemented in marine international disputes, and especially how these processes and initiatives influence, and are influenced by, marine conservation efforts.


Advantages and Disadvantages of ADR

Mediation and arbitration are intended to allow more flexibility and be more suitable to the specific interests and abilities of the parties, which often go unrecognized due to the rigidity of conventional law and court procedures. Thus, they have the potential for identifying common interests and synergies, and reaching better results for all sides involved (Sipe, 1998; Paffenholz, 2004). In addressing environmental mediation, in particular, Sipe (1998) argues that proponents of mediation have suggested that these settlements hold greater intrinsic worth in terms of fulfilling party needs and goals; that environmental mediation boasts higher satisfaction rates than court cases; that they have higher implementation and compliance rates; and that they allow a broader discussion of the issues at hand. This, in turn, improves the understanding of disputes, especially those that pertain to natural resources, in which there are often multiple parties, issues and interests (Sipe, 1998).

In international cases where the usual, government-sanctioned, legal enforcement does not apply, ADR is useful in achieving or enhancing accountability, while allowing a certain amount of confidentiality (Hadwiger, 2017). Moreover, these mechanisms are considered particularly suitable for cases of neighboring states, where maintaining a good relationship is particularly important (Paffenholz, 2004). ADR is also relatively flexible, and can involve multiple stakeholders, as well as allow procedural flexibility, useful in cross-border cases. This allows the parties to decide on “private” rules that would suit all participating parties (Hadwiger, 2017). This is a potential solution for issues of compatibility (Ostrom et al., 2002), where countries may wish to create strategic links to cooperate, but often face challenges in terms of incompatible regulations, institutional norms and interests, but could develop common mechanism and conflict resolution schemes. Finally, having the option to opt-out of an ADR process at any time, makes it a rather low-risk option (Hadwiger, 2017). Nevertheless, it does have its limitations. Even if chosen, the process may not result in an agreement, and since it is voluntary, cases may end with no official “verdict,” or, in some cases, choose not to apply certain agreed-upon terms and not be stopped or sanctioned in any way (Schoenbrod, 1983; Sipe, 1998; Hadwiger, 2017).



Multi-Track Diplomacy

In conflicts between states, it is common to see multiple levels of diplomacy and conflict resolution. Track One diplomacy involves formal meetings between officials, i.e., government and state representatives, or military leaders. It focuses primarily on reaching agreements such as ceasefires, peace treaties and trade deals. Track Two diplomacy is more informal and refers to unofficial peace-building efforts of civil society representatives, often non-governmental organizations (NGOs). These are aimed at bridging gaps that stem from competing interests, as well as influencing public opinion, fostering goodwill between sides, and providing humanitarian aid to local populations (Montville, 1991; Warburton, 2017). The option of Track Three diplomacy, or “people to people diplomacy,” is used to describe other efforts of relationship-building and cross-community understanding that engage the general public rather than NGOs. This occurs when individuals and private groups facilitate communications and interaction between diverse groups (e.g., between different ethnic groups) (Warburton, 2017; Farnum, 2018).

When it comes to conservation, the movement from international to global governance has seen the roles of international actors change (Kütting, 2016). In cases of power imbalances between states, those with less power seek support from other organizations, among them supranational institutions and large international NGOs (Campbell and Pet-Soede, 2016). This intermediate, Track 1.5 diplomacy, moves discussions over conservation to a transboundary level.

The term Science diplomacy is becoming popular when discussing cross-border environmental cooperation. This term relates to the science-foreign policy nexus, and can lead to three types of action: science in diplomacy (science informing foreign policy objectives); diplomacy for science (diplomatic activities that facilitate international scientific cooperation); and science for diplomacy (using science to improve international relations) (López de San Román and Schunz, 2018). These could be effective agents of conflict management that could improve global understanding, lay grounds for mutual respect and contribute to capacity-building (Flink and Schreiterer, 2010, p. 665). Based on these definitions, science diplomacy could potentially take place in any (and every) track.

In some terrestrial territorial disputes between states, local communities have been split over the drawing of arbitrary borders at national level. This often leads to a permeable boundary through which locals move and communicate informally. The promotion of regions and regionality has been encouraged by supranational organizations such as the EU to reduce conflict around borders. Such an example is the Committee of the Regions (CoR), an influential body in the EU which promotes ‘that the principles of subsidiarity and proportionality are upheld so the decisions are taken and applied as close to the citizens as possible and at the most appropriate level’ (Committee of the Regions (CoR), 2009).

Most ADR efforts concentrate on Track One diplomacy, which has more resources and an increased ability to stop on-going violence or develop binding treaties between states. However, Track Two diplomacy can build upon Track one diplomacy in order to further enhance further relationships between the parties involved (Çuhadar, 2009; Farnum, 2018). This means that Track Two should be used to reach a more sustainable, long-lasting, real peace, especially at times when Track One diplomacy only provides a narrow solution to a narrow problem. Track Two tends to treat the underlying problems that caused the conflict to erupt in the first place (Çuhadar and Dayton, 2012). Track Three might emerge when other channels are perceived by certain parties as absent, lacking or inaccessible. It includes the cooperation between individuals and marginalized groups from each side, including those that have less political power or are not identified with the dominant discourse. While they have less political power and economic power, they can nonetheless present alternatives to government positions and potentially impact government attitudes or behavior (Kraft, 2002).



CASE STUDIES


The South China Sea: Arbitration

Tensions concerning overlapping claims to islands and coral reefs in the South China Sea (SCS) have built up gradually over the last 100 years. Both the People’s Republic of China (PRC) on the mainland and the Republic of China (ROC) on Taiwan claim most of the South China Sea down to the territorial sea border of Indonesia in the Natuna Archipelago. These claims arise primarily from a map sketched by ROC geographer Bai Meichu in 1936, prior to the end of the Chinese civil war (Hayton, 2014). The series of maps and lists of features which followed culminated in the PRC submission to the Secretary General of the United Nations in 2009 with a refinement of that sketch, consisting of dashed lines. Although the numbers of dashes has changed over the years, it is commonly referred to as the ‘9-dashed line,’ which assigns to the PRC (and ROC from the standpoint of that government) more than 80% of the South China Sea (Nguyen, 2017).

China’s 1974 landings in the Parcel Islands resulted in the removal of Vietnamese bases there, and subsequent bilateral tensions increased recently following the building of infrastructure and tourist facilities by China. Compounding this are conflicts over oil drilling rights near the Paracels and the Spratly Islands to the south. During World War II, the Spratly Islands were under the control of Japan. In 1946, the ROC built a military base on the largest of the Spratly Islands (approximately 1.1 km2) in 1946. The Philippines began to set up military outposts on eastern and central parts of the Spratly area in 1978. In 1988, China clashed with Vietnam over several key reefs and islands in the Spratly Islands, resulting in the loss of more than 60 Vietnamese lives. In 2001, the Philippines set up their first civilian village on Pag-Asa Island. The village still exists, considered a response to the issue of disputed sovereignty (PCA, 2016).

The Philippines, which had been unsuccessful at making progress with peace-keeping negotiations with China, started a compelled arbitration under a tribunal of members of the Permanent Court of Arbitration in 2013. In 2016, the tribunal published their award for the case. Among the many findings, mostly in favor of the Philippines, was the decision that none of the islands in the Spratly area could possibly qualify as “fully entitled islands” (entitled to EEZ and Continental Shelf) and are thus legally “rocks” according to UNCLOS. The Scarborough Reef ruling indicated that, in the absence of an EEZ, all countries which have traditionally fished there using artisanal methods must be permitted to continue to do so, albeit with reasonable fishery management controls. Other findings included condemnation of the rampant destruction of coral reef areas by China, both in terms of their artificial island development (which lacked UNCLOS-required published environmental impact statements) and in terms of the unsustainable practice of digging-up of giant clam shells for the carving trade. The total area of the Spratly Islands, Scarborough Shoal and the Paracel Islands damaged by China exceeded 159 million square meters. The damage made in burying reefs and rocks to make artificial islands (more than 14 million m2 by China) is irreversible. Other forms of damage (e.g., clam digging) have varying recovery potential (McManus, 2017).

The basis for the compelled arbitration was a provision in the UNCLOS stating that multiple failed attempts by a party to meet for negotiation could be followed by one party calling for such action. The Philippines brought forth the call for arbitration, which was then carried out by three members of the Permanent Court of Arbitration in The Hague, Netherlands. The Philippines brought in a large team of consultants from the United States, Australia, and Germany. No representatives from China ever attended. The arbitration award clarified the legal status of the islands and their associated waters. However, the refusal of China to acknowledge the legitimacy of the arbitration kept it from settling tensions over the disputed area (McManus, 2017).

In 2011, the Association of Southeast Asian Nations (ASEAN) and China adopted a Declaration of Conduct to guide interactions in the SCS, including marine research and environmental protection among other provisions. These have been followed by discussions about developing a more comprehensive and binding Code of Conduct (CoC), beginning in 2016. In support of this effort, the Center for Strategic and International Studies in Washington, D.C., formed the Expert Working Group on the South China Sea in 2017. This group included environmental, hydrocarbon, maritime and policy specialists from the United States, Taiwan, the Philippines, Malaysia, Vietnam, Indonesia, Singapore, Australia, Canada, and the United Kingdom. In 2 years of meetings, it produced a series of recommendations for inclusion in the CoC. Prominent among these is a strong recommendation for the formation of a Fishery and Environmental Management Area in the South China Sea (Asia Maritime Transparency Initiative (AMTI), 2018).

In July, 2020, US Secretary of State Mike Pompeo announced that the US would now consider most of the maritime claims of the PRC and many of its actions to be illegal, in support of the previous Tribunal Award. This announcement was followed in August 202 by the placing of 24 PRC companies on the Entities list, which restricts certain trading, because they had played a significant role in the building of the PRC artificial island bases in the Spratly Islands (Poling and Cooper, 2020).



ADR in the Adriatic: Arbitration and Third Party Involvement (Track 1.5)

Two case studies in the Adriatic show the importance of a mutual ecological dilemma, clear boundaries and the roles of the supra-national organizations in facilitating agreement. However, each of these two cases chose a different ADR tool and resulted in different outcomes.

The northern Adriatic, in particular, has been heavily exploited for fishery and is an important region for shipping, trade and industry, tourism, and oil and gas (Peterlin et al., 2013; Kocian, 2014). Within this region is the coastal disputed territory of the Piran-Savudrija Bay. Since Croatia and Slovenia achieved independence from Yugoslavia in 1991 the maritime border in Piran Bay has been under dispute (for the detailed history see Mackelworth et al., 2013, 2016).

In 2009, with the assistance of the European Commission, the two countries signed an Arbitration Agreement concerning the delimitation of the maritime and terrestrial boundary between the two States. This was conducted under the auspices of the Permanent Court of Arbitration in The Hague. The arbitration process started in 2013. However, Croatia withdrew from the process and claimed it was tainted and untrustworthy, after discovering that in 2014–2015 there were illicit attempts on the Slovenian side to influence the arbitration ruling. Following these events, Slovenia changed its arbitrator and claimed that there was no impediment preventing the Tribunal from fulfilling its duty. The arbitration tribunal continued its work without the Croatian arbitrator and in June 2017 rendered a final ruling on the border. However, the Croatian Government stated it had no intention to implement it. In December 2017 Slovenia declared adherence to the ruling, and to force Croatia to comply with the ruling, Slovenia initiated proceedings under Article 259 of the Treaty on the Functioning of the European Union (TFEU) in March 2018. When the European Commission did not deliver its reply within 3 months, Slovenia filed an action against Croatia in July 2018 for the infringement of an obligation under Article 259 TFEU. In January 2020 the EU Court of Justice declared that it lacked jurisdiction to rule on this action brought by Slovenia, as it the issue would fall under the jurisdiction of the International Tribunal of the Law of the Sea. Slovenia has recently added pressure by delaying and threatening to veto Croatian entry into the EU Schengen area and threatening to block Croatian accession to the Organization for Economic Cooperation and Development (OECD) (Lider, 2017).

In the second Adriatic case, the central Adriatic the region of Jabuka Pit covers about 10% of the territorial and offshore waters of Italy and Croatia and the international boundaries are not contested. The importance of this region as spawning area for many of the commercial fish species in the Adriatic was a major feature in the development of cooperation between the two states (for the detailed history of the areas see Mackelworth et al., 2019).

The region has been over-fished for several decades and biomass figures have been in decline (Vrgoč et al., 2014). It thus became clear that some form of management was required to alleviate fishing pressures in the region. A series of short term agreements were made between Italy and Croatia to mitigate and restore functions; however, long term agreements appeared to be unlikely, as the area covered was not located in territorial waters. A solution has been found in the form of establishing an internationally recognized Fisheries Restricted Areas (FRA), under the General Fisheries Commission for the Mediterranean (GFCM) in 2017. Proposals for protection were promoted by broad coalition of NGOs and research institutes who lobbied the Scientific Advisory Committee of the GFCM to declare an FRA (FAO, 2017; MEDREACT, 2017). In the case of EU members, fisheries policy is an exclusive competence of the European Union, rather than the states. Thus, the European Commission needed to be the active party, and indeed supported the establishment and the GFCM established the FRA in 2017 (GFCM, 2017, Recommendation GFCM/41/2017/3).2



The Case of Israel-Lebanon: Mediation

The recent discovery of potential offshore oil and gas reserves close to the Israel–Lebanon maritime border, and Lebanese objections to the demarcation of the maritime border as declared by the Israeli government, has resulted in a maritime border dispute between the two states over an area of 860 km2. The UN peacekeeping force in Lebanon (UNIFIL) has been present along the Israel–Lebanon land border since the 1970s, and has played the part of an unofficial mediator between the two sides from time to time during those years. However, the issue of maritime border delineation or agreements does not fall under its mandate. Thus, in order to prevent the situation from deteriorating into violent conflict, there was a need to resolve the matter in other ways. Efforts to begin a mediation process, including suggested mediators such as the UN, France, and Cyprus, did not succeed, and previous US mediation attempts in 2012 and 2016, have also failed to resolve the dispute, with neither side accepting mediator proposals. However, in 2019, both sides agreed to a new round of mediation between them, this time with assistant secretary for Near East affairs, David Schenker, heading the process (see Haboush, 2019). While Israel could benefit from additional gas resources, for Lebanon the gains would be more dramatic, opening its economy and providing an important source of energy independence and income for this unstable country. In economic terms, this development is highly desirable for the Lebanese, but also for US companies that would be included in the extraction (Rudee, 2019).

In parallel, unilateral attempts have been made to promote MPAs in close proximity to the border. Several years ago, Israel (2016) approved a new MPA in the north of Israel, the Rosh Hanikra MPA, which reaches right up to the Lebanese border as it is suggested by the Lebanese. It is the first officially state-approved large-scale MPA. If extended as planned, it will cover almost 100 km2, reaching 15 km offshore, protecting a valuable and vulnerable marine ecosystem. The MPA’s proximity to the border and the adjacent naval training area have actually benefited conservation enforcement efforts, as this proximity deters and prevents fishers from entering the area. Lebanon has also begun a process of declaring two MPAs. One of which, Nakoura, is less than 10 km north of Rosh Hanikra. The latter was chosen to be considered first for declared MPA status by the Lebanese Ministry of the Environment and UNEP, owing to its high ecological value and threats related to pollution and over-fishing (see Mackelworth et al., 2019).



The Case of Kenya and Tanzania: Unofficial Mediation and a Proposed Joint Marine Conservation Area

The Kenya-Tanzania maritime border harbors highly significant marine and coastal biodiversity and is one of the East African eco-regions with high potential for exercising regional and transboundary cooperation (Griffiths, 2005; Levin et al., 2018; Tuda et al., 2019). Due to its rich biodiversity and contribution to the socio-economics of coastal communities, this area has been recognized as an area of ecological and social significance by some international organizations and regimes such as the World Wide Fund for Nature (WWF) and the Convention for Biological Diversity (CBD) (Eastern African Marine Ecoregion (EAME), 2004). This area supports a great diversity of plant and animal life, including some of the Indian Ocean’s most diverse coral reefs, mangrove forests, seagrass beds, globally significant marine and coastal habitats. The area’s population is multiplying, and nearly 60% of rural communities rely on marine and coastal resources for their livelihoods. Overfishing, illegal and destructive fishing and logging practices, and unsustainable resource use patterns are major threats depleting natural resources. Other threats include pollution, increased sedimentations as a result of poor agricultural practices, and disturbance or clearance of mangroves. Climate change and associated impacts are intensifying the vulnerability of communities and ecosystems in the area, prompting the need for appropriate management measures (ASCLME/SWIOFP, 2012).

Despite on-going environmental issues in the Kenya–Tanzania maritime border, and in response to these issues, attention has focused on the concept of transboundary marine conservation as a way of reducing user conflict and as a means of sustainable management of the marine environment (MPRU/KWS, 2015). The two leading agencies promoting the transboundary marine conservation area (TBCA) initiative are the Kenya Wildlife Service (KWS) and the Tanzania Marine Parks and Reserves Unit (MPRU). Recent commitments were made by Kenya and Tanzania under the aegis of the UNEP, through the Nairobi Convention Secretariat3 which is a convention that provides a legal framework as well as coordination and facilitation to support the prosperity and conservation in the West Indian Ocean coastal and marine areas, and has recently promoted the adoption of a marine transboundary conservation area (TBCA) for the effective and sustainable management of shared marine spaces (UNEP, 2015). Kenya and Tanzania also registered to establish the TBCA as a commitment at the 2017 United Nations Ocean Conference (Tuda et al., 2019).

Managing the proposed TBCA together would allow Tanzania and Kenya to mitigate the increasing threats and continue enjoying the ecological services and economic benefits this area provides. However, because of the different approaches applied by Kenya and Tanzania in marine resource management (Tuda et al., 2019), cooperation may bring about its own challenges. In recognition of the need to spur between country collaboration in marine conservation, the eighth Conference of Parties of the Nairobi Convention adopted a decision requesting support for the TBCA between Kenya and Tanzania. This initiative was supported by the Biodiversity program implemented by the Indian Ocean Commission (IOC) and the EU, in collaboration with the Wildlife Conservation Society. The main proposed form of support was to assess the institutional and legal instruments required to establish the TBCA as well as to build stakeholder engagement It has been recommended that the TBCA should be governed through shared management or joint management (UNEP, 2015), i.e., a partnership in which government agencies, local communities and resource users, NGOs and other stakeholders share the authority and responsibility for the management (Borrini-Feyerabend et al., 2000/2007; Tuda et al., 2019).



The Case of ROK and DPRK: A Proposed Joint MPA

The transboundary area in the Western Sea of the Korean Peninsula has long been disputed in terms of maritime demarcation between the two Koreas (Nam and Kang, 2003; Van Dyke et al., 2003; Roehrig, 2008). The first objection of the DPRK regarding the Northern Limit Line (NLL) was made in 1973. The DPRK has not accepted NLL proclaimed by ROK as a maritime boundary since then, and politico-military tension escalated in the area close to the line; with military collisions, including gun and cannon fighting, occurred around the NLL in the early 2000s. Recognizing that settling the boundary issue was pivotal in terms of peace-building in the peninsula, the leaders of the two Koreas held Inter-Korean summit talk and signed joint declarations in 2007 and 2018. These summit talks avoided discussions over difficult subjects such as nuclear armament, but nevertheless provided a momentum to bring peace to the area. Some actions in the declarations have already been implemented, including a joint survey of the Han River estuary, and closure of DPRK artillery position doors (Sokolsky, 2019).

The NLL did not show up on any official agreement documents between two Koreas for decades, until the Panmunjom declaration in April, 2018, a legacy of the 2007 Declaration. This implied that the DRPK would acquiesce to the NLL as a provisional boundary in inter-Korean cooperation and peace-building process (Nam et al., 2019), and that the area around the line (the transboundary area) might be under transition phase between “alienated borderlands” phase to “coexistent borderlands” phase (Martinez, 1994). Reflecting the changed political circumstance, the 2018 Panmunjom declaration has more hopeful commitments for peace, prosperity and re-unification of two Koreas; establishment of Maritime Peace Zone, joint fishing grounds, joint economic special district; joint patrol to prevent the third party’s illegal fishing; joint utilization of Han River estuary; halting of military hostile conduct; navigation route development for the DPRK, etc.

It should be noted that a stronger conservation element for the transboundary area was incorporated into the 2018 agreement. In 2007, sand dredging was the most interesting agreement on Han River, but very controversial in ROK society. The exploitation-oriented aspect was diminished in the Panmunjom Declaration, reflecting societal demands for more sustainable development. After the two leaders’ agreement on environment restoration and protection at the 2018 Summit Talks, conservation of marine ecosystems and fishery resources has been emerging as after the Declaration (Nam et al., 2007, 2019). Interestingly, joint MPAs or conservation areas have become a hot issue in the ROK, mainly raised by environmental action organizations and scientists. The transboundary area could not be accessed and economically utilized due to inter-Korean military confrontation, and consequently, the two governments have unilaterally designated over 70 PAs in total along the NLL within their jurisdictions (Nam et al., 2019).



The Case of Tunisia-Italy: Collaborative Law and Track 0.5, 1, and 2 Diplomacy

The area referred to as “the Mammellone” is a bank located in the Strait of Sicily, 12 nautical miles South-West off the Italian island of Lampedusa and Eastward of the Tunisian island of Kerkennah (Scovazzi, 1999). Tunisia claimed an exclusive right to fish over the whole Mammellone in 1973, following previous provisions by the Bey of Tunisia in 1951 (Salamone, 2004; Caffio, 2016), and established Law 63–49 in 1963, which extended Tunisian sovereignty over the entire Gulf of Tunis, where the Mammellone is located. Finally, the 1973 Law 73–49 specifies that area as part of a reserved zone within which only vessels flying the Tunisian flag may be authorized to fish (ICJ Recueil, 1982, para. 90). By contrast, Italy considers the Mammellone as a portion of the high seas, which in principle allows its national fishing fleet to operate there. The conflict, which was later called the “fish-war,” dates back to 1911, when the then French protectorate claimed Italian fishing boats were fishing for sponges illegally in the area (Salamone, 2004; Caffio, 2016).

In line with a marked peaceful tradition (Kliot, 1989), Italy and Tunisia held several meetings in which they eventually reached an agreement and defined the maritime median line between the states, in a collaborative law process (G. Cataldi, personal communication). In these discussions, Italy restrained itself from extending rights beyond the territorial sea off the Italian southernmost islands. In addition, Italy made no official claim over any contiguous zone, nor Economic Exclusive Zone (EEZ), beyond its territorial sea. Bilateral inter-governmental agreements were signed in 1963, 1971, and 1976 between Italy and Tunisia. In 1979, the last bilateral agreement on fisheries was signed, but not renewed, mainly due to the implementation of the passage of competencies regarding fisheries from the Italian government to the European Economic Community (EEC), later EC and then EU. This is because the authority to sign bilateral agreements between EEC members and third parties was the (then) EEC’s (Treaty establishing the European Economic Community or Treaty of Rome, Arts. 134 and 136), with EEC member states delegating fisheries management onto EEC in 1972 (Europarl, 2020). Another issue contributing to the lack of renewal was a disagreement on the terms of extension of preferential access for Italian fishing vessels, as opposed to other EU vessels, to Tunisian areas (Gutiérrez Castillo, 2008).

The Italian process was as follows: Italy established a “fish-stocks rebuilding area in the high sea” in its national legislation (Ministerial Decree of 25 September 1979), invoking article 3 of the Convention on Fishing and Conservation of the Living Resources of the High Seas (CFCLRHS, 1958)4. Later on, Tunisia declared the Mammellone area a Fishing Exclusive Zone (Law 26 June 2005, No. 50), in apparent agreement with article 6.2 of the CFCLRHS. Italy unilaterally declared the same zone an Ecological Protection Zone (EPZ) beyond the territorial sea soon afterward (Law 8 February 2006, No. 61), interpreting the provisions contained in UNCLOS (1982) part XI (amended 1994). However, the EPZs defined by the Italian law 2006/61 and deposited to the United Nations Division for Ocean Affairs and the Law of the Sea, (DOALOS) did not enter into force. During this period, the fishermen community in Mazara del Vallo engaged in strikes to force the national government to overcome what was perceived as a period of stagnation in the negotiation of the right to fish in the Mammellone area (Italian parliament proceedings of 1 October 1982:52290-52292). By the end of 2017, a total number of three Italian fishers were dead and other 27 injured while fishing in the Mammellone as a result of Tunisian use of force. A number of Italian vessels were sequestrated by Tunisian warships, then confiscated or released after payment of heavy monetary fines (EU parliamentary question E-006697-17 of 26 October 2017). Italian warships patrolled the area in order to discourage the sequestration of Italian fishing vessels since 1957 (Salamone, 2004; Caffio, 2016) and to ensure compliance with the Italian fishing ban in the “fisheries protection area” established in the Mammellone in 1979 (Ministerial Decree, 25 September 1979).

In recent years, the Sicilian trawl fleet was progressively reduced to nearly a half of units, following mandatory reduction in fishing effort (Italian Republic Official Bulletin, general, No. 73, Appendix A, of 27 March 2012) triggered by the alarming status of the main exploited stocks (trawl fishery management plan for GSA 16) and the negative trends of the main economic indicators (Pipitone and Colloca, 2018).

Italy and Tunisia signed an agreement of collaboration between both navies by 10 November 1998 to enhance the patrolling of the Mammellone area. However, implementation of such agreement remains lacking. In an attempt to enhance compliance and ameliorate conflict, both countries experimented with joint ventures from 2005, which turned out to be of little success. In 2006, an aggregation of Sicilian stakeholders, including research institutions, fishing enterprises and food transformation companies, founded a Fishing District, with the support of the autonomous government of Sicily. A branch of the District is based in Mazara del Vallo, which also holds the Italian trawl-fishing fleet that traditionally operated in the Mammellone area. Among other objectives, the fishing district is intended to promote fishing heritage, obtain a quality label for local fish products, and foster innovation and technology transfer. The fishery district also organized a round of meetings to pave the way toward the shared management of the fish stocks in the Mammellone area, as well as other areas in the Mediterranean, with the ultimate aim of attaining a sustainable “blue” development in the region (Sicilia 2.0 News, 2018; Sicilia Ogginotizie, 2019; Distretto Della Pesca e Crescita Blu, 2020).



FINDINGS

The six cases described above differ widely in geographic location, climate, ecosystem type and vulnerability, historical claims, and in their political, strategic, socio-economics and potential. However, they all describe situations in which maritime border disputes interact with marine conservation. They also all display attempts at non-violent conflict management and resolution, often involving a third party (briefly summarized in Table 2). Conflict management, as opposed to conflict resolution, can be found where unilateral steps were taken. These include unilateral declarations of sovereignty by a state over the disputed area, as in the cases of Croatia and Slovenia and Italy and Tunisia. In addition, this could be the unilateral establishment of MPAs in or near the disputed zone, as in the cases of the two Koreas, the South China Sea, and Israel and Lebanon. Other formal Track one agreements pertaining to joint fishing practices and/or environmental cooperation also exist in some of these cases, such as in the case of Italy and Tunisia, Italy and Croatia, and between the DPRK and the ROK. Other initiatives might involve several parties or states from the region. Agreements or on-going processes between ASEAN states and between them and China; and EU regulations or decrees relating to the contested area between Slovenia and Croatia; or to the Mammelone case (with Italy as an EU member state) show such involvement.


TABLE 2. ADR tools and track/level of diplomacy in six case studies.

[image: Table listing various cases involving geographic areas, ADR tools used, diplomacy tracks, and forms of conflict management or resolution. It includes cases like China-ASEAN in the South China Sea using arbitration, Adriatic Piran Bay using EU arbitration, and methods like mediation, facilitation, and negotiation in areas like the Western Indian Ocean and West Korean Sea.  Resolution methods vary from unilateral, bilateral, to multilateral.]Two forms of formal Track one ADR tools were used in three of these cases: Mediation and Arbitration. The tool of arbitration was applied in the SCS case and in that of Piran (Croatia–Slovenia), has not yielded its intended results. Although the point of arbitration is often to settle a dispute “once and for all” by an impartial and agreed upon arbitrator, it seems that this was missing, in the eyes of at least one of the parties. In the case of the SCS, China claimed that the UNCLOS Tribunal did not have the jurisdiction to judge the matter, and refused to even be part of the proceedings or accept its final decision, despite the fact that compelled arbitration is included in the UNCLOS text (Schofield, 2016). Although arbitration is one of the tools intended to be applied by UNCLOS signatory states, and its ruling therefore binding. In the case of Piran, Croatia refused to recognize the arbitration process, on the basis that it was biased. Subsequently, the arbitrators found that they did not have the jurisdiction to compel Croatia to apply its decision. In both cases, the side that withdrew from the arbitration process claimed that it is willing to resolve the matter, but through direct bilateral (or multilateral) negotiation and agreement, rather than by arbitration.

Mediation was decided by Israel and Lebanon to be the best tool to solve its dispute over the maritime border. This was an achievement in itself, stopping several years of bilateral threats, with each country claiming that any resource development in the area would be considered Casus Belli. However, the process is ongoing and there has been no result as yet. It is interesting to note that they chose the US as mediator despite it being highly involved in the region and having a vested interest in the case. US companies are the potential developers of natural gas in the contested area, which may undermine its role as an unbiased mediator. However, it could be that the US was chosen as the mediator because of its partial involvement in the area.

Informal mediation or facilitation can be seen in the case of Kenya and Tanzania, with UNEP as the facilitator. Discussions regarding the proposed marine transboundary conservation areas in the Kenya-Tanzania maritime border have been going on between the two main agencies promoting this initiative (KWS and MPRU). UNEP, through the Nairobi Convention Secretariat, has supported three meetings of ‘Core Group’ since 2015. To some extent, UNEP also supported conciliation and cooperation between the ROK and the DPRK in the West Korean Sea, in addition to organizations such as UNESCO, IOC-UNESCO, and NOWPAP, the latter with its regional sea program. These are all representative third parties that are involved in promoting transboundary marine protection involving both Koreas but have no political or military authority (Nam et al., 2007, 2019). In the case of Kenya and Tanzania, third party involvement also included international conservation organizations raising awareness and providing support as well as additional facilitation for transboundary conservation. Due to its rich biodiversity and contribution to the socio-economics of coastal communities, the marine area close to the border has been recognized by several international bodies, including the World Wildlife Fund for Nature (WWF) and the Convention for Biological Diversity (CBD) as an area of significance, deserving special conservation attention (Eastern African Marine Ecoregion (EAME), 2004). These, as well as other efforts, can be seen as a form of Environmental Peacebuilding, i.e., “cooperation on environmental issues which simultaneously conceptually aims at or de facto achieves the transformation of relations between hostile parties toward peaceful conflict resolution” (Ide and Scheffran, 2013; Ide, 2017). In this context, peace is a continuum or a spectrum of decreased hostility and violence, rather than a one defined state (Ide, 2017).

Other forms of third-party involvement, and support for joint management or cooperation include science diplomacy endeavors by universities and research institutes. This type of involvement was particularly common in the SCS case, beginning with a series of regional South-East Asian research and training projects in the 1980s and 1990s, supporting the Association Southeast Asian Nations (ASEAN). These projects led to considerable camaraderie among the ASEAN scientists, although Chinese scientists did not usually participate. However, China was actively involved in the project: “Reversing Environmental Degradation Trends in the South China Sea and Gulf of Thailand,” organized and funded via UNEP and the Global Environment Fund from 1996 to 2009 (Pernetta and Brewers, 2013). In turn, this was preceded by a regional Transboundary Diagnostic Analysis, involving regional nations and an overall coordinator and data analyst (Talaue-McManus, 2000). Yet, a condition of this participation was that the project did not include activities in the major offshore reef systems. Analogously, scientific institutions and NGOs came together to promote the definition of fishery restricted areas in the Italy–Croatia Jabuka Pit case. Notably, while there was some informal cooperation in the Croatia-Slovenia dispute in Piran Bay, it was not enough to promote a conservation area.

In 1990 Canadian-sponsored workshops brought together the SCS Informal Working Group. While the group did not include China initially by 1991 Chinese scientists were represented, as well as Taiwanese scientists (Song, 2011). Another initiative was a series of four joint Vietnam–Philippine research cruises through the SCS (1996–2007), including research activities at Scarborough Shoal and various reefs of the Spratly Islands (Satyawan, 2018). These studies, in conjunction with various expeditions from Taiwan and China, helped to establish these waters as one of the highest biodiversity hotspots of the world. Another long-term study of a large system of reefs at Bolinao, Philippines, on the eastern edge of the South China Sea, revealed that fishing effort was high enough to drive many species to local extinction. Following this work, the Spratly Islands were proposed as an international marine park, later referred to as a Peace Park; an idea supported by the Philippines, Taiwan and the SCS Informal Working Group (McManus, 1992, 1994; McManus et al., 2010).

Two other important scientific endeavors include the Expert Working Group on the South China Sea, and a science-based facilitation initiative by the Centre for Humanitarian Dialogue. The first intended to provide scientific support for the Code of Conduct (CoC) effort by the Center for Strategic and International Studies in Washington, D.C., creating the Expert Working Group on the South China Sea of developed states and SCS states in 2017. Its recommendations supported the formation of a SCS regional fisheries and environment organization. The second endeavor involved an external group that coordinated discussions on key SCS topics - the Swiss-based Centre for Humanitarian Dialogue. The center worked with China and various ASEAN nations to organize workshops in support of resolving issues involving maritime encounters and enforcement, as well as environmental and fisheries concerns (HD, 2020).

These endeavors can be framed as science diplomacy, also evident in the case of the DPRK-ROK, whereby experts and scientists from the ROK were occasionally able to meet DPRK at international meetings or conferences, mainly organized by international bodies of PEMSEA (Partnerships in Environmental Management for the Seas of East Asia), Ramsar Regional Center – East Asia, YSLME (UNDP/GEF Yellow Sea Large Marine Ecosystem), etc.5 (UN, 2020). A similar situation exists in the Israel–Lebanon case, where international conferences allow scientists from these two countries, who do not have other opportunities to collaborate directly, to receive updates on ecosystem status or new initiatives taking place on the other side of the border (Engert, 2019).

Another type of bilateral or multilateral process relates to local NGOs and regional or local government cooperation, falling under the category of track two diplomacy, initiated by civil society organizations. This is perhaps displayed best in the case of Italy and Tunisia, where the fishing district is catalyzing a recent momentum in the relationships between Italy and Tunisia after decennial stagnation of collaboration on fishery issues. Such activity is probably prompted by the recent context of depletion of fishing resources in the contested Mammellone area. Indeed, Sicilian fishermen claim that Egyptian and Libyan vessels, which face lower cost of operation (in terms of fuel and personnel) are exercising heavy fishing pressure in the Mammellone as well as other areas along the African coast. This could also be a reason for the apparent, recent displacement of the main front of the “fish-war” to the Gulf of Sirte, Libya (e.g., La Stampa, 2020). The fishing district organize meetings with representatives of Italian and Tunisian authorities in order to foster Track Two collaboration in resource management and fisheries.

Lastly, another type of diplomacy that might be termed “Track 0.5,” in which the EU plays an important part, has also emerged. While the role was confused and disjointed in the case of the Croatia–Slovenia Piran Bay, it was more effective in following through on a bilateral agreement between Italy and Croatia in the Jabuka Pit. In the Jabuka Pit case, initially both the Croatian and Italian fleets had been fishing the area. When Croatia declared an Ecological and Fisheries Protection Zone in 2004, this potentially excluded others from fishing around Jabuka Pit. As a result, Italy and Slovenia exerted political pressure through EC on Croatia to suspend its application to EU countries. As Italian fleet was fishing into Croatian territorial waters, thereby suspending the EFPZ, Croatia was enabled untethered access to Italian fishing grounds. By developing the bilateral agreement, followed by FRA establishment, the relationship became more balanced.



DISCUSSION

Alternative dispute resolution tools aim to replace courts, and provide a more flexible, efficient, and expedient process for parties in conflict. In the cases described above, it can be ascertained that when both or all parties decided to willingly enter an ADR process, this action on its own was already a step toward improving relationships between states, as well as improving joint and cross-border marine conservation schemes. Additionally, marine conservation and joint monitoring are often key factors in such a process, and are also often one of the first points of agreement for both or all sides, setting important precedents for parallel or later discussions and communications. This can, to some extent, be attributed to the special nature of the marine environment, which is often peripheral and away from the public eye, giving it an ambiguous status that could be used both by those who wish to exploit it, and by those who wish to make their first steps in reconciliation in cases of protracted conflict (Portman and Teff-Seker, 2017; Mackelworth et al., 2019).

As international ADR tools are intended to not only settle narrow disputes but rather open the lines of communications and transform or strengthen relationships between states and actors, using ADR in cases of maritime disputes could be especially valuable in cases where diplomatic relations are limited, as in several of the cases below. Since courts are typically intended to rule on one issue at a time, transboundary conservation might not be suggested in such a setting, while in some of the cases above the informal and flexible nature of ADR, as well as track two and track three initiatives, have allowed parties to discuss this issue at length and promote joint marine protection initiatives.

The two cases of arbitration, which both featured one side that did not recognize the validity of the process or the ruling, indicates that ADR loses some of its advantages when it is not actively chosen by both or all sides for that particular case, or if it is seen as unfair or imbalanced or if the arbitrator is not approved by all parties. This also leads to a situation where the verdicts of arbitration processes are not necessarily abided by or enforced, even though in strict terms, they are intended to be legally binding. While this could be the case on land too, the complications in both cases of arbitration reviewed above (Croatia-Slovenia, SCS) also stemmed from the ambiguous nature of the marine environment, the marine border delineation and the lack of mutually important resources. The Croatian situation shows how the mutual importance of Jabuka Pit resulted in bilateral and finally regional agreement on protection (with Italy), an element missing in the case of Piran Bay. Moreover, the legal rules and tools are different for international marine disputes following UNCLOS-based international legislation. This also includes the level of commitment demanded by marine-related ADR processes (encouraged by UNCLOS), overlapping and unclear jurisdictions of courts (especially after the establishment of ITLOS) and lack of ability of the courts to enforce the verdict. Thus, if one side is unhappy with the arbitration verdict, they can simply decide not to implement it and not suffer any meaningful consequences. While the refusal to implement an ADR verdict or agreement could have merit in certain cases, these processes are weakened by the fact that lack of implementation is not followed by meaningful consequences. It should be noted that while “classic” arbitration necessitates both sides to agree upon the specific case, facilitator, location and rules of the arbitration process, this was not the case in the cases of Piran Bay or in the case of the SCS. In the latter, arbitration was not chosen by China for this specific case. Rather, China resisted the process from the beginning. It could be argued that by ratifying UNCLOS, China agreed beforehand to participate in the various forms of conflict resolution available for UNCLOS signatory states, including arbitration. While this might be the case, it is obviously a very different scenario than one in which China would have agreed to arbitration for this specific case.

Track two bottom–up processes of environmental peace-building and science diplomacy, while often lacking the power to resolve border disputes or enforce international agreements directly, can offer much needed groundwork (scientific or other), relationship-building and infrastructure to support ADR processes. This is in part because track two initiatives can circumvent certain track one difficulties that result from the political entrenchment of governments in their views of marine border and resource allocation. However, track two initiatives often focus on smaller scale or narrowly focused projects, and lack power to enforce, fund or develop larger enterprises, let alone determine land-use zones or legislate. Thus, each track had its own strengths and weaknesses, but the findings suggest that synchronized they could support and strengthen each other. The success of track two initiatives in the marine environment is supported by the unique features of that environment explained above. Most importantly, its different status and peripheral location allow collaboration that can momentarily ignore or partially resolve territorial claims that are often deemed less controversial than land-based ones.

Finally, it is the conclusion of this paper that if done correctly, marine conservation and ADR, as well as diplomatic processes on all and every level, have the potential to support each other and build upon each other. While marine conservation remains a vital goal in and of itself, it would benefit greatly if it could also support other stakeholder interests or provide mutual grounds for preliminary agreements, particularly in disputes over marine resources or maritime sovereignty. Important economic activities such as tourism and fisheries could have important synergies with conservation, as they rely on the continued provision of ecosystem services and thus require a sustainable development approach to survive and thrive in the long run. Other economic activities that rely on marine resources, such as fossil fuel extraction, seem to have fewer synergies with conservation and even conflict with it. However, in the cases described above, it is evident that MPAs (existing or proposed) and other specially protected areas are used by those who would want to exploit marine resources, in what has been claimed to be a cynical act of “green grabbing” or “ocean grabbing.” This has become a relatively common practice in areas where fossil fuels are found, and which developers and states tend to covet more, in comparison to other marine areas. Transboundary (bilateral or multilateral) conservation in these areas would prove more challenging than in others, and would require a mutually beneficial sharing of the resources to succeed.
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FOOTNOTES

1 We use the established term “ADR” for tools such as mediation and arbitration not because they are uncommon, but because this is the established name in the literature for non-violent bi-lateral or multi-lateral conflict resolution processes that are alternative to litigation in court.

2 The monitoring and management measures introduced in FRA will come under review after the 31st December 2020.

3 https://www.unenvironment.org/nairobiconvention/

4 In fact, the EU has exclusive competence on fishery issues related to international agreements on conservation of living resources (Treaty of the Functioning of the European Union, Art. 3, 1, d); and shared competence with member states in international agreements on fisheries not related to conservation of living resources (Art. 4, 2, d).
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The past few decades have seen a marked acceleration in the amount of marine observation data derived using both in situ and remote sensing measurements. For example, high-frequency monitoring of key physical-chemical parameters has become an essential tool for assessing natural and human-induced changes in coastal waters as well as their consequences on society. The number and variety of data acquisition techniques require efficient methods of improving data availability. The challenge is to make ocean data available via interoperable portals, which facilitate data sharing according to Findable, Accessible, Interoperable, and Reusable (FAIR) principles for producers and users. Ocean DAta Information and Services (ODATIS) aims to become a unique gateway to all French marine data, regardless of the discipline (e.g., physics, chemistry, biogeochemistry, biology, sedimentology). ODATIS is the ocean cluster of the Data Terra research infrastructure for Earth data, which relies on a network of data and service centers (DSC) supported by the major French oceanic research organizations (CNRS, CNES, Ifremer, IRD, SHOM; Marine Universities). ODATIS, through its components, is involved in European and international initiatives such as Copernicus, SeaDataCloud, and EMODnet. The first challenge of ODATIS is to catalog all open ocean and coastal data and facilitate data collection and access (discovery, visualization, extraction) through its web portal. A specific task is to develop tools for handling large amounts of data and generate products for policymakers, practitioners, and academics. This study presents the strategy used by ODATIS to implement the FAIR and CoreTrustSeal requirements in each of its DSCs and promote adherence within the scientific community (the main data producer) regarding the upload and/or use of data and suggestion of new products. A second challenge is to cover the end-user needs ranging from proximity to the producer to cross-analysis of data from all Earth compartments. This involves defining and organizing a classification of DSCs in the network, which will be developed within the framework of the French Data Terra research infrastructure, the only framework capable of providing the necessary IT and human resources.

Keywords: ocean, data repository, interoperability, FAIR, data and service center


INTRODUCTION
The signs of global change are undeniable, and there is a critical need to better understand and forecast the impacts for Earth and its inhabitants. Since the industrial revolution, the impacts of human activities on the global environment have intensified, leading to use of the term “Anthropocene” for the present geologic time period (Crutzen, 2002; Steffen et al., 2015). To answer the questions that people ask about their environment, the research community needs to address the “Earth system” as a whole, from the Earth’s core to the limits of the atmosphere, taking into account the interactions of each of its components and exploring all aspects ranging from geophysics to the biosphere (Future Earth, 2020). The ocean is the largest habitable compartment and plays a key role in regulating the Earth’s climate. The ongoing and expected consequences of global change on the ocean are numerous: rising temperatures and sea levels, stronger storms, acidification, marine heatwaves, deoxygenation, and impacts on ecosystems (e.g., Levin and Le Bris, 2015; Breitburg et al., 2018; Smale et al., 2019). However, identifying these impacts and changes is still difficult because of the large variability of the environment and limited availability of data. The past few decades have seen a marked acceleration in the number of open ocean and coastal observations derived using both in situ and remote sensing measurements (Charria et al., 2016; Le Reste et al., 2016; Rode et al., 2016; Tyler et al., 2016). For example, high-frequency monitoring of physical-chemical parameters (temperature, salinity, fluorescence, dissolved oxygen, etc.) has become an essential tool for assessing the natural and human-induced evolution of coastal waters, as well as their societal and management implications (Schmidt et al., 2017; Nichols et al., 2019). The number and variety of data acquisition techniques require effective tools to ensure that such large volumes of data are available to and usable by the research community and stakeholders.
Observations are required at all stages of the scientific process: description, understanding, modeling, and forecasting. Technological progress provides us with increasing capabilities to generate richer datasets (Buck et al., 2019). However, accessing, using, or combining these datasets can be complicated by the large variety of data types, their volume and format, the complexity of their underlying processing, their distribution, and their location. In order to make the most of this unprecedented flow of data for the benefit of knowledge and society, the procedures and policies of all data centers need to be harmonized. This is the objective of the findable, accessible, interoperable, and reusable (FAIR) data principles (Wilkinson et al., 2016; GO-FAIR, 2020). Appropriate approaches must also be defined to acquire, process, archive, and distribute the validated data and products issued from Earth observations. The implementation of such an approach must be coordinated and implemented at least at national and international levels (Miguez et al., 2019; Tanhua et al., 2019; Braud et al., 2020). Here, we illustrate the national initiative of a portal dedicated to French marine data, named ODATIS (Ocean DATa Information and Services). We briefly present the challenges to be considered when developing an operational system that not only meets the needs of data producers and users but also the FAIR requirements. Created in 2017, ODATIS is based on existing data and service centers (DSCs), which is extremely complex in terms of its managed databases and services provided. After an introduction to the challenges involved in assessing marine data, we detail the structure of ODATIS before presenting the strategy implemented to help DSCs apply FAIR principles and guide them toward certification. Finally, we define a classification system of DSCs to optimize human and IT costs with respect to the services offered to users.



BRIEF ASSESSMENT OF GUIDELINES FOR DEVELOPING MARINE DATA REPOSITORIES

Observing, understanding, and predicting the status, function, and evolution of the entire Earth system under global change is a fundamental research issue and crucial for the implementation of the Sustainable Development Goals adopted by all UN Member States in 2015 (UN SDGs). The acquisition of marine data is difficult and expensive because it requires access to remote sites and many technical resources (e.g., research vessels, instrumented sites, gliders) In addition, the ocean is a highly variable environment, with very short (e.g., waves, tides) to very long (e.g., climate change, species evolution, geology of the seafloor) periodicities. Therefore, the preservation of marine observations is a scientific challenge for the generation of time series data to illustrate this variability. Without professional archiving of observations, more than 30% of the data are lost or unusable 10 years after their acquisition (source: Ifremer). The “International Oceanographic Data and Information Exchange” (IODE) program of the “Intergovernmental Oceanographic Commission” (IOC) of UNESCO was established in 1961 to “enhance marine research, exploitation and development, by facilitating the exchange of oceanographic data and information between participating Member States, and by meeting the needs of users for data and information products.” Renowned oceanographic institutions have had established data management units for several decades (e.g., Woods Hole Oceanographic Institution and the Biological & Chemical Oceanography Data Management Office)1. However, such an approach is not yet generalized in all countries. Large multi-national and multi-fieldwork programs have also suffered from a lack of centralized coordination (and funding) for data management. For example, the Joint Global Ocean Flux Study (JGOFS, 1987–2003) program was a pioneer in setting a data policy based on national JGOFS data managers. However, the final JGOFS International Data Collection (discrete datasets, volume 1, 1989–2000) was available on DVDs, whereas some countries published their data online. This limited the discovery of this important dataset regarding the fluxes of carbon between the atmosphere, surface ocean, and ocean interior, as well as their sensitivity to climate change. Fortunately, an initiative of the World Data Centre PANGAEA permitted the compilation and harmonization of JGOFS datasets in Pangaea (for example, see Schmidt et al., 2002)2. More recently, the initiative of the European Marine Observation and Data network (EMODnet) has gathered European marine data, metadata, and data products “from fragmented and hidden marine observations and data stored in a myriad of data systems and repositories scattered all over Europe” (Miguez et al., 2019). This followed the recommendations of Buck et al. (2019) “to move beyond data portals to service-based architectures that combine data provenance, persistence and security,” “allowing users to configure and apply varied yet compatible ocean data services to build their own knowledge systems.”

The first challenge was to develop efficient sharing of data by adopting common protocols. A broad consensus has now been reached in the marine domain regarding the procedures and technologies required to implement FAIR principles for scientific data (Wilkinson et al., 2016), which were recently outlined for marine data (Tanhua et al., 2019). The FAIR Guiding Principles aim to improve the findability, accessibility, interoperability, and reuse of scientific data, with zero or minimal human intervention due to their increasing volume and complexity. Table 1 describes each principle. The first principle is findable, i.e., metadata and data must be easy to find and (re)use. The second is accessible, that is, users must know how it can be accessed. Third, the data must be interoperable, i.e., able to be integrated with other datasets, especially in workflows for analysis and processing. Fourth, the data must then be reusable with well-described metadata.


TABLE 1. The FAIR principles for scientific data repository.

[image: Table listing principles and descriptions for metadata: Findable, Accessible, Interoperable, and Reusable. Each principle has specific requirements such as unique identifiers, metadata usage, standardized protocols, formal language, and community standards. Origin: GO-FAIR (2020).]
A second challenge is to encourage people to share data. Data producers are increasingly pressured, in particular by research funders, to release their data (Gutmann et al., 2008). In 2011, the International Council for Science (ICSU) already promoted “full and open access to scientific data, especially when the research was publicly funded. Scientists should carry out research and disseminate their results with integrity and openness to maximize the benefits and minimize the possible harms of science for present and future generations.” However, the reasons why data owners do not share are multiple: loss of control over data, the notion of constraints that do not provide any value, inadequate IT/human resources, and/or training. Therefore, it is necessary to explain to data producers the personal benefits of archiving data, that is, to make it easier for producers to reuse their own data, recognition through increased citation, and potential co-authorship. In addition to the obvious benefits of long-term data preservation through data archiving, the professional benefits of data sharing should also be promoted as a contribution to ocean knowledge. The data repositories need to make data sharing easier for the data owner, not just the user/analyst. Decisions to archive data are still often made by individual researchers, who may renounce the decision because of individual costs (Roche et al., 2014). To ensure sufficient quality to meet specific user needs, it is necessary to popularize already existing guidelines and resources, such as tools to clean and normalize data, and to include metadata that clearly describe the datasets’ content, prior to archiving, to enable faster and easier data sharing. Data owners also need feedback on data use, for example, through relevant metrics (e.g., number of downloads, citation).

In brief, in order to accelerate the collection, analysis, dissemination, and intelligent use of data, from national and international observations and across disciplines and Earth compartments, there is a need for interoperable infrastructures that help producers preserve and share their data and allow users to obtain relatively easy access to data. In the following section, we describe the implementation of FAIR and TRUST principles within the French Ocean cluster, which can serve as guidelines for further national or thematic data repositories.



THE FRENCH NATIONAL INITIATIVE FOR EARTH OBSERVATION DATA

The French data and services hub for the Earth system, named Data Terra3, is the French response to the need for a research infrastructure for Earth observation data management and processing. The Data Terra research infrastructure is a priority of the national roadmap of the French Ministry for Higher Education and Research (MESRI). Data Terra includes four thematic clusters corresponding to each main Earth compartment: Ocean (ODATIS), Atmosphere (AERIS), Continental Surfaces (THEIA), and Solid Earth (FORM@TER) (Figure 1). The objectives of Data Terra, through its clusters, is to provide wide and unified access to data, products, software, tools, and/or services on the Earth system produced by the French scientific community. The terms of reference of Data Terra facilitate data access, improve data interoperability, and integrate data and knowledge. The targeted users are not only the academic community but also socio-economic actors or stakeholders responsible for implementing or evaluating public policies. Indeed, in addition to promoting a better understanding of the Earth system, environmental data also have a significant socio-economic impact in many fields, such as protection against natural hazards, water quality, and management of mineral resources or living resources. Data Terra also serves the international community through satellite missions, international monitoring networks, and partnerships for development.


[image: Diagram depicting the DATA TERRA Research Infrastructure, highlighting four clusters: Ocean, Atmosphere, Solid Earth, and Land Surface. Each cluster has its logo, name, and website link, centered around a satellite image of Earth.]

FIGURE 1. Data Terra research infrastructure for Earth data and its four thematic clusters.


ODATIS is the “Ocean” cluster of Data Terra and the new national gateway to access all French ocean data (Figure 1). Its aim is to promote and facilitate the use of all marine observation data collected by in situ and remote sensing measurements in open and coastal waters. The data managed by ODATIS include variables from all marine disciplines (physics, chemistry, biology, etc.) measured from the coastal environment to the deep ocean by any technique (e.g., satellites, in situ observatories, field cruises, lab analyses). The objective of ODATIS is to describe, quantify, and understand the entire ocean, including offshore and coastal environments, from the perspective of processes such as thermohaline circulation, distribution of chemical species including carbon, biogeochemical cycles, ecosystem functioning, ocean evolution, ocean–climate relationships, and interactions with other components of the Earth system. To achieve this ambitious objective, ODATIS must be able to offer users the following:


- long-term preservation of datasets;

- easier access through a single portal to fully described FAIR databases: completeness and easy comprehension of data and metadata are required to ensure that sufficient information is available for end users to assess the quality of data according to current scientific standards;

- a global overview of in situ and remotely sensed observations and their derived products, in order to permit the user to fully discover data;

- interoperability of datasets, regardless of location, time, discipline, and compartment;

- the possibility of combining data of different type (in situ/satellite) and origin (observation networks/scientific experiments);

- assistance with extracting information from the databases by proposing exploration, extraction, analysis tools, and computing facilities.



ODATIS has a dedicated website4 launched in December 2017 that already includes more than 120 data collections. The portal and associated services have a mirror version in French and English, the latter of which allows data reuse and interoperability.

The ODATIS portal already offers several data access tools: a search service with selection filters, a data discovery service (with two options: “Preview” and “Complete”), a visualization service, and the possibility to download data directly or via local partner portals.



STRUCTURE OF THE FRENCH OCEAN CLUSTER


Governance of the French Ocean Cluster

To fulfill its mission, ODATIS is organized to efficiently interact with partner institutions and the overarching Research Infrastructure (Data Terra) regarding strategic aspects, and with its DSCs and users regarding operational aspects (Figure 2). The ODATIS executive board is the interface between these two levels. It is composed of a management team and a representative of each DSC. The management team consists of the director, two assistant directors (scientific and technical), in situ and satellite technical officers, ad hoc project officers, and an editorial manager. This team has continuous informal interactions as well as three formal meetings a year of the executive board.


[image: Flowchart of the ODATIS structure showing strategic and operational levels. The strategic level includes an Inter-Institution Steering Committee, Data Terra Executive Board, and a Scientific Council. The executive board comprises a management team and representatives from each Data Service Centre (DSC). The operational level features Data and Service Centres, a Technical Workshop, and Scientific Consortia. Organizations involved are CNRS, Ifremer, CNES, SHOM, and IRD. The ODATIS logo is displayed at the bottom right.]

FIGURE 2. Strategic and operational organization of the ocean cluster ODATIS.


There are three strategic levels: the Scientific Council (SC), the Data Terra executive board, and the Inter-Institution Steering Committee (IISC). The Scientific Council, under the supervision of the scientific director, has the role of a scientific advisory board. Its members, appointed by the steering committee, are experts in marine sciences and representative of the user communities. The tasks of the SC are to help the executive board identify the scientific community’s needs, check the scientific quality of the data and products generated by the DSCs, and assess the progress of the scientific consortia in order to propose a prioritization for the prototyping and production phases. If necessary, the SC formulates recommendations to the steering committee. The second level is the Data Terra executive board. Data Terra relies on thematic clusters that need to be harmonized to permit data interoperability and combination. It is essential that common editorial and technical choices are defined collegially. ODATIS is also placed under the responsibility of the Inter-Institution Steering Committee, which is composed of one representative from each of the partner institutions. Lastly, the main prerogatives of the IISC are to define the strategy of the ODATIS cluster in order to achieve its objectives, particularly in terms of scientific policy and European and international positioning, to ensure that the needs expressed by the user community are taken into account, and to mobilize the human and financial resources necessary to develop ODATIS.

At the operational level, ODATIS is based on a network of geographically distributed DSCs (see section “Data and Service Centres”) operated by major French oceanic research organizations (CNRS, CNES, Ifremer, IRD, SHOM, Marine Universities). To coordinate the DSCs, ODATIS organizes two to three technical workshops every year to define the technical orientations of the cluster, or runs practical training sessions, for example, on handling and testing data visualization tools. These workshops are mandatory for DSCs but are open to anyone who requests them within the limit of a reasonable number of participants, which is typically 15–20. Finally, ODATIS relies on scientific consortia in order to promote and develop innovative processing methods and products for space, airborne, or in situ observations of the ocean and its interfaces (atmosphere, coastline) with the other thematic clusters. A scientific consortium is a group of public or private experts that conduct research or develop innovative methods for mobilizing observation data, producing prototypes of products, or operating these prototypes to produce specific data on coastal and open ocean issues around thematic fields (physical, chemical, and biological processes, ecosystems, ocean/atmosphere exchange, global approaches, resources, etc.) to meet the societal and environmental challenges of our time. The first consortium, the Dissolved Oxygen Scientific Expertise Consortium5, was implemented in 2019 in order to network and integrate scientific stakeholders at national and even international scales around the theme of deoxygenation of the offshore and coastal ocean and establish an exhaustive national database on oceanic dissolved oxygen. This work will be France’s contribution to the international effort led by the IOC-UNESCO GO2NE and IOCCP network. Scientific consortia concerning other essential oceanic variables (carbon, salinity, color) and techniques (flow cytometry) are currently being implemented.



Data and Service Centers

At present, there are nine DSCs, two of which are dedicated to satellite data and seven of which are dedicated to in situ datasets (Figure 2). In situ DSCs collect data from observations made via ships (or measured on samples in laboratories after the cruise), drifting, or moored systems. The tasks of a DSC are to record data, process data, control data quality, and provide routine access to marine data. Members of the ODATIS executive board and DSCs are involved with the coordination of several initiatives for marine data management from regional to international scales, including:

• regional and national programs, in particular the long-term national observation services of the CNRS. This concerns, for example, coastal ocean and nearshore observations conducted under the umbrella of the French research Infrastructure for littoral and coastal observation services, named ILICO (Cocquempot et al., 2019);

• marine European data infrastructures, in particular:


Copernicus Marine Environmental Monitoring Services (CMEMS), by coordinating the Marine In Situ Thematic Assemble Centre (INS-TAC) established via partners of the ODATIS Cluster6,

SeaDataNet infrastructure7, a network of marine data centers that defines, customizes, and implements marine data management procedures on a pan-European scale (120 pan-European data centers are now connected, including most ODATIS partners),

EMODnet thematic lots (Miguez et al., 2019)8,

the marine component of the EOSC-HUB (Marine Competence Centre).



• international programs such as ARGO (in situ observation by free-drifting profiling floats), GOSUD (Global Ocean Surface Underway Data; sea surface observation by ships of opportunity), IOC-IODE [International Oceanographic Data and Information Exchange of the Intergovernmental Oceanographic Commission)], EMSO (European Multidisciplinary Seafloor and water column Observatory), OBIS (Ocean Biodiversity Information System), and interactions with the projects of the Space Agencies of Europe, the United States and China (ESA, NASA, CNSA).

Finally, ODATIS, through its data centers, contributes to the Environmental Research Infrastructures (ENVRI) community, which includes all European Earth Observation infrastructures, both for observation and data management. ENVRI defines guidelines to be implemented for compliance with FAIR principles, in collaboration with working groups of the Research Data Alliance (RDA) (e.g., metadata and catalogs, permanent identifiers such as DOI, FAIR controlled vocabularies). ODATIS benefits from all these collaborations. Common vocabularies (ontologies), metadata and data formats, and interoperability protocols have been adopted and adapted to this thematic field and should be implemented by all DSCs. In addition, as marine data are environmental data with geo-references, used in public policies such as the EU Marine Strategy Framework Directive (MSFD), the technical requirements of the INSPIRE directive must be applied (INSPIRE, 2007). For example, the discovery metadata made available must conform to the European INSPIRE standard and appear in national geo-catalogs and geo-portals.



IMPLEMENTATION OF FAIR AND TRUST PRINCIPLES

The implementation of FAIR principles is heterogeneous across DSCs. Several DSCs are responsible for datasets that contribute to key international data networks and supra-national infrastructures (e.g., ARGO, AVISO + (Archiving, Validation and Interpretation of Satellite Oceanographic data), SOCAT (Surface Ocean CO2 ATlas), GOSUD (Global Ocean Surface Underway Data), SeaDataNet (a pan-European infrastructure to ease the access to marine data measured by the countries bordering the European seas). These DSCs already meet many of the FAIR criteria. However, the large majority of DSCs do not meet FAIR data criteria with regards to their data handling, formatting, and compliance. This is related to the genesis of ODATIS, which was built on existing DSCs and can be extremely complex in terms of managed databases and services provided. A diagnostic is that most observation datasets are archived and organized in databases deployed by the different DSCs; however, the coordination and harmonization of all ocean databases still needs to be implemented at the national level by ODATIS. At present, there is still huge heterogeneity in the databases between DSCs, mostly for those concerned with in situ data, which is a major obstacle for interoperability. In order to obtain support for upgrading in situ DSCs, the ODATIS management team replied to a recent national call for projects and was awarded the ANR COPiLOtE project (Toward the Certification of the Data and Service Centres of the Ocean Data Cluster 2020–2022), which began in April 2020. The main objective of COPiLOtE is to harmonize the implementation of FAIR principles within ODATIS in situ DSCs according to the tasks identified in Table 2. The first step is an individual self-evaluation of each DSC using a questionnaire, with the help of the executive office, to assess its level of implementation of FAIR principles. Then, the approach will be implemented in two volunteer in situ DSCs. At the end of the project, the implementation guidelines will be transposable to all in situ DSCs of ODATIS, that is, those not involved in the COPiLOtE project and future DSCs that will emerge from the community.


TABLE 2. Tasks identified to implement FAIR and CoreTrustSeal requirements to guide ODATIS data and service centers toward certification.

[image: Table outlining steps for the implementation and harmonization of Digital Service Centers (DSCs) based on FAIR principles. Step 1 involves diagnosing the degree of implementation of DSCs and self-evaluation. Step 2 focuses on creating a roadmap, providing technical support, and applying the roadmap with a nine-month timeframe. Step 3 involves harmonizing the guidelines for all DSCs and identifying improvements. Tasks are divided between the executive office and data and service centers.]
The second objective is to guide in situ DSCs toward certification in order to meet the Core Trustworthy Data Repositories requirements of the RDA CoreTrustSeal9. The TRUST Principles (i.e., transparency, responsibility, user focus, sustainability, and technology) provide a common framework to implement and maintain digital repositories (Lin et al., 2020). Certification is important for ensuring the reliability and durability of data repositories, and hence the potential for sharing data over a long period of time, for both users and their funders. We do not expect all DSCs to obtain certification at the end of the project. For illustration, there is currently only a single French marine data repository that is currently certified (IFREMER-SISMER, see the list of certified repositories at the link: www.coretrustseal.org/why-certification/certified-repositories/). However, our aim is to motivate DSCs to engage in the process, based on the premise that certification will soon become mandatory in order to obtain the support of funding institutions.



DEVELOPING A CLASSIFICATION SYSTEM OF DATA CENTERS

As described above, ODATIS relies on a network of nine existing DSCs. These centers are not evenly distributed across the French territory and are mostly located in West France (Brittany, South-West). There is a rising demand from all French laboratories involved in marine sciences to have local data centers. For example, the Mediterranean Institute of Oceanography (MIO) on the Mediterranean coast is one of the most important French oceanography centers, which could justify having a DSC. However, is it reasonable to increase the number of existing DSCs? There is a limit to the number of centers manageable by ODATIS, in terms of the efficiency of management of a distributed structure, staff requirements, and IT and software investments. Another difficulty involves the capacity to aggregate heterogeneous data (different volumes and storage centers) and therefore the ability to make data interoperable and FAIR at all levels. The challenge for ODATIS is now to develop a network that can cover the need to be close to the data producers, while providing cross-analytical tools for data from all Earth compartments for the end user. For this purpose, ODATIS and Data Terra are currently building a common strategy based on a classification system of data centers (Figure 3).
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FIGURE 3. Schematized typologies of data centers, from marine data assembling centers (DAC) and data and services centers (DCS) to the virtual research environment (VRE), in response to user needs. The structure indicates the implication in the management of the data center of ODATIS and its support research infrastructure Data Terra.


The first category is the data assembly center (DAC). DACs are small laboratory- or institution-based data units working closely with the data providers and focusing on making their data FAIR. It is indeed a critical point for data quality to have proximity with the producer. DACs will archive and enable access to the dataset through a persistent identifier (PI or PID), metadata, and common vocabulary. DAC repositories will be certified (CoreTrustSeal, ISO) to meet the repository criteria of scientific journals. DACs will also produce statistics on data usage. Such centers do not need large informatic resources and could be fairly widespread. However, there is a need to harmonize tools to optimize this service and ensure interoperability and Web harvesting.

The second category is the DSCs themselves, which are larger national data hubs that aggregate data for larger collections and offer services specialized around at least one type of thematic data. A DSC has different levels of activities, assembles data such as DAC, is located as close as possible to the producer, stores data at least at the national level by theme (by aggregating, for example, thematic data from different DACs), and is a multi-thematic data center. This implies higher storage and computing capacities, as well as dedicated data management and technical teams.

The third category corresponds to data centers offering data analysis and interpretation services (DIAS) on demand. DIAS are large IT facilities with the capacity for fast handling of large and complex data volumes. A DIAS data center will propose working environments to analyze and interpret data, in particular, large data sets that are difficult to download and require large computing capacities. Cross-thematic studies require efficient access to data from multiple sources (in situ, satellite) and different compartments. It is then necessary to have large aggregated data sets (data lake) to allow cross-analysis of data from multiple sources (in situ, satellite) and from different compartments (e.g., ocean, land, atmosphere, biosphere, solid earth). The objective is to offer virtual research environments (VRE) with dedicated statistical and geostatistical tools, cartography, machine learning, or development environments (e.g., Jupyter Notebooks, Pangeo suite). Such DIAS centers require substantial resources (e.g., informatics, team), which are only conceivable at the level of the Data Terra research infrastructure.

To date, most data available through the ODATIS portal are related to long-term observation networks, which have an automatic data workflow to acquire data directly from sensors (e.g., Argo). It is even mandatory for accredited French observation networks to share data and metadata (Cocquempot et al., 2019). On the contrary, it is still complicated to collect data from a specific project or a cruise because of the diversity of data and acquisition delays. Some data are measured directly on board, but most samples are analyzed back at the laboratory. The need to help data producers share their data has already been mentioned; this task must be performed in addition to data acquisition. To make this task easier, it is possible to access the SEA scieNtific Open data Edition (SEANOE)10 service through the ODATIS portal. SEANOE offers the possibility to publish scientific data in the field of marine sciences free of charge. Data are published as open access for a maximum of 2 years, for example, to restrict access to data of an article under review. The producer sets the terms and conditions for the use of the data by selecting one of seven Creative Commons licenses. SEANOE recommends the use of perennial data files (e.g., CSV instead of Excel) and requests a description of the dataset (metadata). If the dataset matches the quality criteria and the theme (marine science), SEANOE provides a DOI within two working days and will monitor future dataset citations in articles, with download statistics reported to authors once a year. Data published in SEANOE are also automatically duplicated to the EMODnet Data Ingestion portal and, depending on their interest, may also be published via European data portals such as SeaDataNet or a thematic EMODnet portal.



CONCLUSION

The aim of this study was to provide information on the structure of ODATIS, the Data Terra cluster dedicated to French open ocean and coastal data, which could serve as a guideline for future national or thematic data repositories. The first challenge for ODATIS is to provide easier and wider access to FAIR marine data. This issue is crucial for addressing ongoing and future climate and environmental changes, particularly in coastal regions directly affected by human activities. Repositories already exist all over the world; some have abundant experience but many do not fully comply with FAIR data principles. A second challenge is to develop data analysis and interpretation services. Here, we have highlighted the different issues to consider when developing a strategy to guide DSCs toward certification and for defining a DSC classification system for optimizing human and IT costs with respect to the services offered to users. The implementation of such e-infrastructure requires significant resources and time to develop the tools necessary for their implementation. Substantial personnel and IT resources are also required. Assistance to data producers is essential because it is at this first stage that the metadata associated with the datasets are defined, ensuring the development of FAIR repositories. ODATIS and its reference infrastructure Data Terra should not only organize the data life cycle based on the classification of DSCs, but should also consider the users. Such access to data from multiple sources (in situ, satellite, post-sampling analysis) and from different compartments is fairly new, and most colleagues are not yet accustomed to searching and manipulating such datasets, let alone remotely. In parallel to the informatic development of the ocean cluster of Data Terra, there is a need for further communication and training. The research community has to be informed of these new tools, which could be achieved via news on the cluster web. The management team is responsible for communication of information about ODATIS to the French community through participation in national meetings of scholarly associations and international conferences. A Tour de France was also initiated in 2019, which consists of visiting major French marine research centers to present ODATIS and encourage exchange with colleagues. Training can be performed through webinars, workshops, and technical assistance. In conclusion, our ambition is to develop marine hubs for French marine data, with the aim of promoting widespread use beyond the scientific community.
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2https://www.pangaea.de

3www.data-terra.org

4http://www.odatis-ocean.fr/en

5https://www.odatis-ocean.fr/en/activities/scientific-expertise-consortium/ces-dissolved-oxygen

6http://marine.copernicus.eu/

7https://www.seadatanet.org/

8www.emodnet.eu/

9www.coretrustseal.org/

10www.seanoe.org
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Marine heatwaves (MHWs) are prolonged extreme oceanic warm water events. Globally, the frequency and intensity of MHWs have been increasing in recent years, and it is expected that this trend is reflected in the Kerguelen Plateau region. MHWs can negatively impact the structure of marine biodiversity, marine ecosystems, and commercial fisheries. Considering that the KP is a hot-spot for marine biodiversity, characterizing MHWs and their drivers for this region is important, but has not been performed. Here, we characterize MHWs in the KP region between January 1994 and December 2016 using a combination of remotely sensed observations and output from a publicly available model hindcast simulation. We describe a strong MHW event that starts during the 2011/2012 austral summer and persists through winter, dissipating in late 2012. During the winter months, the anomalous temperature signal deepens from the surface to a depth of at least 150 m. We show that downwelling-favorable winds occur in the region during these months. At the end of 2012, as the MHW dissipates, upwelling-favorable winds prevail. We also show that the ocean temperature on the KP is significantly correlated with key modes of climate variability. Over the KP, temperature at both the ocean surface and at a depth of 150 m correlates significantly with the Indian Ocean Dipole. To the south of the KP, temperature variations are significantly correlated with the El Niño Southern Oscillation, and to both the north and south of the KP, with the Southern Annular Mode. These results suggest there may be potential predictability in ocean temperatures, and their extremes, in the KP region. Strong MHWs, like the event in 2012, may be detrimental to the unique ecosystem of this region, including economically relevant species, such as the Patagonian Toothfish.
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1. INTRODUCTION

The Kerguelen Plateau (KP) is the largest submarine plateau in the Southern Ocean, acting as the largest topographic barrier to the eastward flowing Antarctic Circumpolar Current (ACC; van Wijk et al., 2010). Relative to the rest of the Southern Ocean, which can be characterized as a high-nutrient, low chlorophyll region (Boyd, 2002), the KP is a region of high biological productivity. This productivity is triggered by iron supply resulting from the interaction between the Antarctic Circumpolar Current and the local bathymetry (Quéguiner et al., 2011; Cavagna et al., 2015). The enhanced productivity in the KP region supports a diverse food web, making the region important for foraging predators including birds and mammals (e.g., Bailleul et al., 2010; Dragon et al., 2010; Hindell et al., 2011; Raymond et al., 2015). In addition, the KP is home to a number of exploited fish species, most notably Patagonian toothfish (Dissostichus eleginoides) which has been targeted since the 1990s and supports two economically-important fisheries (Duhamel et al., 2011). The Patagonian toothfish is a demersal fish found on the continental margins of the sub-Antarctic islands of the Southern Ocean. Adult toothfish are usually found at depths ranging from 500 m to over 3,500 m, can weigh up to 200 kg, reach 2 m in length and live in excess of 40 years (Collins et al., 2010).

The Patagonian toothfish fisheries within the Australian EEZ on the KP are worth more than an estimated USD50 million per year. In 2016, the Australian longline fishery experienced lower than average catch rates for most of the season between April and November. Catch rates dropped steeply early in the season to about 50% of the 2011–2015 mean and remained low for the remainder of the season. A preliminary investigation concluded that the declining catch rates were unlikely to be caused by a respective decline in fish stock biomass, but instead could have been related to a change in fish catchability driven by fish behavior and environmental factors. In support of this hypothesis the sea surface temperature in the southern Indian Ocean was 1–2 standard deviations above the long term mean for summer and autumn of 2016 (Blunden et al., 2017) including regions around the Kerguelen Plateau that were highest on record (post-1982) through autumn. The hypothesized relationship between toothfish catchability and an observed period of sustained elevated surface temperature motivates this study to investigate the frequency and characterize the behavior of marine heatwaves in the KP region.

Marine heatwaves (MHWs) are defined as periods of persistent anomalously high temperatures over an oceanic region (Hobday et al., 2016). These ocean extremes have been linked to devastating impacts on marine ecosystems (Garrabou et al., 2009; Wernberg et al., 2013, 2016), aquaculture, and fisheries (Mills et al., 2013; Cavole et al., 2016; Oliver et al., 2017), and have a greater impact on ecosystems than long-term warming (Smale et al., 2019). MHWs can be driven locally by air–sea heat fluxes and ocean circulation, or by remote large-scale climate modes via atmospheric or oceanic teleconnections (Holbrook et al., 2019). Globally, MHWs have been described to be more intense during El Niño years (Scannell et al., 2016; Oliver et al., 2018), and during the positive phase of the Indian Ocean Dipole (Oliver et al., 2018). Furthermore, their number and intensity have increased over the past years, with these changes consistent with long-term climate warming (Scannell et al., 2016; Oliver et al., 2018; Oliver, 2019). In addition, MHW events are projected to continue to increase in number and intensity over the coming decades (Frölicher and Laufkötter, 2018; Darmaraki et al., 2019; Oliver, 2019).

The penetration of anomalous surface heat into the ocean's subsurface can have deleterious impacts on both pelagic and demersal species (Mills et al., 2013; Zisserson and Cook, 2017; Jackson et al., 2018). In coastal regions, this depth-penetration can be caused by winds favoring local downwelling (Schaeffer and Roughan, 2017). In an extreme MHW event that happened in 2012 off the west coast of North America (i.e., “The Blob”), waters up to 0.6°C warmer than the monthly average penetrated to a depth of at least 300 m, close to the coast (Jackson et al., 2018). These deep coastal waters remained anomalously warm for at least 4 years after the MHW onset, possibly impacting the quality of food for juvenile salmon in the region (Mueter et al., 2002). Therefore, understanding the depth penetration of extreme ocean temperatures is especially important in regions with biodiversity and valuable fisheries, such as the KP. However, few studies have investigated ocean temperature extremes below the surface.

The Southern Ocean, at depths between 700 and 2000 m, has warmed by up to 0.17°C since the 1950s as a response to global climate change (Gille, 2002; Rhein et al., 2013; Haumann et al., 2020). In contrast, there is little evidence for temperature changes at the surface in the Southern Ocean (Rhein et al., 2013). Projections suggest that the strengthening and the poleward shift of westerly winds at high latitudes is likely to shift the ACC, and as a consequence, the polar front, southwards (Fyfe et al., 2007; Bracegirdle et al., 2018). However, the evidence for movement of fronts in the Southern Ocean is, so far, limited and not thought to have contributed to the changes observed at depth (Meredith et al., 2020). As for the causes of sub-surface warming in the Southern Ocean, not much is known about changes in frequency and intensity of MHWs in that ocean. Considering the observed sub-surface warming and projected surface changes in the Southern Ocean (Collins et al., 2013), it is likely that MHWs will become more common. Here, we aim to characterize MHWs between January 1994 and December 2016 and understand MHW frequency and dynamics in a small section of the Southern Ocean—the waters around the KP. We focus on the KP because MHWs may impact the biological productivity of waters in the region, thus impacting the food-web that is sustained by the seasonal phytoplankton bloom. Due to a lack of available sub-surface observations we use a combination of remotely observed sea surface temperature and model output from a publicly available hindcast simulation for our analysis.

Here, we characterize MHWs over the KP, between January 1994 and December 2016. We focus on an intense, persistent MHW event that happened in 2012 in the region, and describe its horizontal spread and vertical penetration in the water column. We then investigate wind-induced Ekman pumping as a possible deepening mechanism for this event, and consider the influence of climate modes on the local ocean temperature.



2. DATA AND METHODS


2.1. Observations

To detect and characterize MHWs, we use the National Oceanic and Atmospheric Administration sea surface temperature (SST) product, developed using optimum interpolation (NOAA-OI, Reynolds et al., 2007). NOAA-OI is a global, daily, high-resolution (0.25°) gridded product, built using Advanced Very High Resolution Radiometer (AVHRR) infrared satellite data and in situ measurements. The ocean temperature included in this product represents the top 0.5 m of the ocean, achieved by regressing the satellite measurement of the ocean skin layer against quality-controlled buoy data. We analyse this product between January 1994 and December 2016. The NOAA-OI gridded product has been widely used in MHW studies (e.g., Hobday et al., 2016; Oliver et al., 2017; Frölicher and Laufkötter, 2018; Manta et al., 2018; Holbrook et al., 2019; Smale et al., 2019). It has also been analyzed in studies focused on the KP (e.g., Hill et al., 2017).



2.2. Hindcast Ocean Model Output

Remotely sensed observations are well-suited for observing surface MHWs, but provide little information on sub-surface conditions. Despite its ecological and economic importance, the KP is an under-observed region with no permanent data-sampling moorings on the plateau and infrequent research voyages. Furthermore, due to the relative shallowness of the plateau and to local ocean dynamic, most Argo floats are advected by the ACC to the north of the plateau or through the Fawn Trough to the south. In fact, in almost 20 years there has only been five profiles collected by Argo floats on the KP. In recent years, instrumented seals (Roquet et al., 2017) have provided a new source of observations of temperature and salinity in the Southern Ocean, however this data is patchy in time and space and cannot provide a sufficient time series to inform the interannual changes we seek to characterize. As a result we investigate the depth penetration of an intense MHW over the KP using publicly available hindcast model output from the Ocean Forecasting Australia Model, version 2017 (OFAM; Oke et al., 2013). OFAM is a free-running, near-global, eddy-resolving model with a horizontal resolution of 1/10° and 51 vertical levels. Its vertical grid z* has 5 m spacing near the surface, 10 m spacing at 200 m depth, 120 m spacing at 1,000 m depth, and a coarser grid spacing below that. OFAM is run for 40 years, with an 18 years spin-up. Here, we analyse the model between January 1994 and December 2016. The model is forced with 3-hourly surface heat, freshwater, and momentum fluxes from ERA-Interim (Dee and Uppala, 2009), with restoring to monthly sea surface temperature (Reynolds et al., 2007), weak restoring to surface climatological salinity (Ridgway and Dunn, 2003); and weak restoring to climatological temperature and salinity below 2,000 m depth. OFAM outputs include sea surface height, temperature, salinity, three velocity components, and wind and bottom stresses.

Model output from OFAM has been previously used in a variety of studies, including analyses of ocean eddies (e.g., Pilo et al., 2015, 2018; Rykova and Oke, 2015; Rykova et al., 2017), mixed layer variability (Schiller and Oke, 2015), properties of wind-driven currents (e.g., Ridgway and Godfrey, 2015; Langlais et al., 2017), and climate-change projections (e.g., Matear et al., 2013; Oliver and Holbrook, 2014). In the KP region, this model has been used to investigate stationary Rossby waves and associated vertical velocities (Langlais et al., 2017). The model's frontal structure and filaments of the ACC, climatological winter mixed layer, and vertical velocities have been shown to be in good agreement with observations (Langlais et al., 2017). OFAM's horizontal resolution (i.e., 1/10°) resolves mesoscale processes in highly energetic regions, and is therefore suitable for regional MHW studies (Pilo et al., 2019).

OFAM is a free-running model, that is the model is not constrained by data assimilation. Consequently non-linear dynamics, such as mesoscale eddies and meanders will not be found in OFAM at the same place and time as they occurred in the real ocean. However, OFAM is forced by reanalysis data at the surface (i.e., ERA-Interim). Therefore, dynamics associated with large scale atmospheric forcings are expected to be simulated in OFAM in line with what occurred in the real ocean. This means that MHWs that are mainly driven by the atmosphere, or by remote processes that reach the region via teleconnections, should be present in OFAM coincident with when they occurred. In turn, MHWs that are mainly driven by mesoscale dynamics (i.e., stationary eddies or meanders) should be simulated in OFAM at different places and times. In summary, these MHWs should resemble the real ocean on a temporal mean, but not at specific instantaneous points in time.



2.3. Marine Heatwave Definition

We identify MHWs in daily gridded SST fields from OFAM and from NOAA-OI following the definition proposed by Hobday et al. (2016). As in Hobday et al. (2016), a MHW is defined as a period of at least 5 consecutive days when the ocean temperature is warmer than the 90th percentile above the climatological value for that location and time of the year. When calculating both the climatology and the 90th percentile, we do not de-trend the temperature data. The mean SST trend for the whole KP region between January 1994 and December 2016 is 1.5 × 10−2 °C/year in NOAA-OI and 7 × 10−4 °C/year in OFAM. The small SST trend in the model might be an indication that mixing between surface and deeper layers in the model is too strong in this region.

We first calculate the climatological values across the region to compare both datasets. To calculate the climatological value at each grid cell, we calculate a mean temperature considering the temperature at that grid cell within an 11-days window centered in the desired day for all years of data. For example, the climatological value for a given grid cell on the 15th of January is calculated by averaging the temperature values between 10th and 20th of January for all years (i.e., 1994–2016). We repeat this process for each day of the year.

We then calculate the 90th percentiles in the region to determine the presence or absence of MHW conditions. To calculate the 90th percentile at each grid cell, we also consider all temperature data for a given grid cell within an 11-days window for all years, as in the climatology calculation.

A MHW, at each grid cell, is then considered as the times when the temperature in that cell exceeds the 90th percentile calculated in the previous step. If the temperature at a given location exceeds the 90th percentile for 5 consecutive days, that location is considered to experience MHW conditions.

We also calculate mean MHW metrics for the region, for both the model and observations. The MHW metrics analyzed here are the MHW mean intensity (mean SST above the climatology considering all days of a MHW event), MHW mean duration (mean number of sequential days where the SST exceeds the 90th percentile), and MHW frequency (number of MHW events per year).



2.4. Correlation With Climate Mode Indices

To identify possible climate modes as remote drivers of MHWs, we calculate correlations between the ocean temperature anomalies and the selected climate mode indices, point-by-point across the KP domain. The climate indices considered here are the Dipole Mode Index as a measure of the Indian Ocean Dipole variability (IOD; http://www.jamstec.go.jp/aplinfo/sintexf/e/iod/dipole_mode_index.html), the NINO 3.4 index (ENSO; www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/), the Pacific Decadal Oscillation index (PDO; http://research.jisao.washington.edu/pdo/), and the Southern Annular Mode index (SAM; www.antarctica.ac.uk/met/gjma/sam.html).

The climate indices are monthly datasets. To allow for comparison with the daily datasets analyzed here, we calculate monthly averages of the observed NOOA-OI SST data, and of SST and temperature at 150 m depths from the model. The time-period used for the averaging is from January 1994 and December 2016. We also calculate a monthly climatology and then de-trend both the monthly averages and the climatology. To linearly de-trend the data, we calculate the (straight) line of best fit to the time series at each grid point across the domain, and remove this fit. We then calculate the temperature anomalies by subtracting the monthly climatology from the detrended, monthly averaged time series. We repeat these calculations for the time series at every grid across the domain. Finally, we calculate the correlation coefficient between the time series of the monthly climate index and the monthly ocean temperature anomalies, again at each grid point across the domain. For the ocean temperature time series, we perform these analyses on both the observed (NOAA-OI) and modeled (OFAM) data across the study region.

We apply a two-tailed t-test to establish whether the correlations between the ocean temperature anomaly time series and the climate indices are statistically significantly different from zero. For the t-test, we take into account the serial correlation in the time series, as the time variability of ocean properties at fixed locations is not truly independent in time. Therefore, we consider the effective number of degrees of freedom, as described in Davis (1976). Here, for a record of N observations and record length NΔt (where Δt is the time interval between observations), the effective number of degrees of freedom is not N but rather [image: Mathematical expression showing N multiplied by the fraction delta t over tau.], where τ is the integral time scale for effective independence between observations.




3. RESULTS AND DISCUSSION

Here, we validate the representation of temperature at the ocean's surface and subsurface in the KP region, and of sea level variability in the model output (Figures 1, 2). We find that OFAM is systematically warmer than observations over our study region (i.e., the KP; Figure 1C). The model is, however, cooler than the observations downstream of our study region (i.e., to the east of the KP). There is also a systematic bias in modeled SST variability (Figure 1F). This bias in modeled SST variability is expected, as the submesoscale dynamics in OFAM is parameterized, while this dynamics is implicit in the observations. The sea level variability, shown in Figures 1G-I is a proxy for eddy activity, and is higher than observations to the north of the plateau, associated with the meandering and eddying of the ACC. Over the plateau, however, the model bias is low, indicating that the dynamics of OFAM is realistic in the region of interest, and gives us confidence to analyse the model output over the KP.


[image: Nine-panel grid showing sea surface temperature (SST) and sea level data comparisons. Panels A-C display mean SST from the model, observations, and their difference. Panels D-F show standard deviation of SST, model, observations, and their difference. Panels G-I depict standard deviation of sea level, model, observations, and their difference. Color gradients range from blue to red, indicating temperature and sea level variations. Maps include geographic outlines and color bars for reference.]
FIGURE 1. Mean SST (1994–2016) in (A) OFAM, (B) NOAA-OI observation-based product, and (C) the difference between model and observations; (D–F) same as in (A–C) but for SST standard deviation; (G–I) same as in (A–C) but for sea level standard deviation in (G) OFAM and (H) AVISO satellite altimetry.



[image: Six maps labeled A to F show ocean temperature variations at different depths: 50 m, 100 m, 250 m, 500 m, 750 m, and 1000 m. The color scale ranges from blue, indicating cooler temperatures, to red, indicating warmer temperatures, across latitudes 44°S to 56°S and longitudes 65°E to 85°E.]
FIGURE 2. Temperature difference between OFAM and WOA2013 at (A) 50 m, (B) 100 m, (C) 250 m, (D) 500 m, (E) 750 m, and (F) 1,000 m.


The systematic biases in temperature mean and variability found in the model are removed in the MHW calculation, as the threshold that determines whether the ocean temperature is extreme or not is calculated for each dataset separately. In other words, the bias removal here is a consequence of how we calculate the MHWs, as the threshold to determine if the ocean has reached extreme temperatures is calculated separately for each dataset. For example, say that in a given part of the ocean, for 15th of January, the temperature's 90th percentile relative to climatology was 11°C based on observed data. However, if in the model simulation, the same place and corresponding date has a 90th percentile of 9°C, then the model simulation is seen to have a negative temperature bias at this point in space and time. Now, for example in a particular year, e.g., on the 15th of January 2014, the ocean was 12°C in the observations, and 10°C in the model. If we use the 11°C observation-based 90th percentile as a threshold for the model, that region would not have extreme ocean temperatures. However, if we use the 9°C model-based 90th percentile as a threshold, the region would have extreme temperatures. Therefore, even if the model has a negative bias, the fact that we calculate the 90th percentile separately using the model data, extreme temperature events can still correspond, despite the bias.

To validate OFAM at depth, we compare the modeled temperature to the World Ocean Atlas version 2 (WOA2013; Locarnini et al., 2018). WOA2013 is a set of objectively analyzed climatological fields, in a 1° grid, of several in situ ocean properties, including temperature. At depth, the modeled ocean temperature is also warmer than observations over and to the west of the plateau, with biases decreasing below 750 m (Figure 2). The largest biases of temperature at depth relate to the strong ACC flow to the north of the plateau. Despite local biases, the modeled regional circulation and variability are well-represented, both at the surface and at depth.

The mean frequency, duration, and intensity of MHWs in the KP region reflect the local ocean dynamics, both in the observations (Figures 3A–C) and in the model output (Figures 3D–F). To the north and east of the KP, the ACC influence is strong, and the high SST variability (Figures 1D,E) is associated with the presence of mesoscale eddies and meanders (van Wijk et al., 2010). The MHWs that happen at this location are more frequent (up to three events per year) and more intense (up to 4°C above climatology) than in other regions of the KP (Figures 3A,C). These MHWs to the north and east of the KP are associated with transient warm-core eddies that propagate eastwards, advected by the ACC.


[image: Six maps display climate data over a region. Panels A, B, and C represent observations, while D, E, and F show model data. A and D illustrate mean frequency with a gradient from yellow to red. B and E show mean duration using blues and purples, and C and F depict mean intensity with blues to reds. Latitude and longitude are marked on each map for reference.]
FIGURE 3. MHW mean (A) frequency, (B) duration, and (C) intensity in NOAA-OI gridded observation-based product (1994–2016); (D–F) as in (A–C), but for OFAM. The black line is the 3,000 m isobath.


To the south and west of the KP, the MHWs are less frequent than in the eastern side of the KP (Figures 3A,D). However, according to the model, these less frequent MHWs are longer-lasting, with a mean duration of longer than 35 days (Figure 3E). The long duration of MHWs at this location relates to the semi-stationarity of the flow in this portion of the KP (van Wijk et al., 2010). MHW frequency and duration are related metrics, as the more frequent the MHWs are, the shorter they tend to be, and vice-versa. This interplay between MHW frequency and duration is clear in the model output, where more frequent and shorter MHWs occur to the northeast of the KP, while less frequent and longer MHWs occur to the southwest of the KP (Figures 3D,E). In the observations, however, these patterns are not as clear, with MHWs lasting, on average, ~10 days across the whole domain (Figure 3B).

Globally, modeled MHWs have been described to be less frequent, longer-lasting, and weaker than observed MHWs (Pilo et al., 2019). To the north of the KP, in contrast to the results in Pilo et al. (2019), modeled MHWs are more intense than observed MHWs. To the west of the KP and on the plateau itself, however, results corroborate with those from the global analysis. The higher frequency of modeled MHWs might relate to the difference between the thickness of the model's surface level, and the thickness of the surface layer represented in observation-based products (Pilo et al., 2019). While OFAM's surface represents the top 2.5 m of the water column, the NOAA-OI product represents just the top 0.5 m of the ocean. Therefore, the NOAA-OI product is expected to be more varying, and have more numerous intermittent MHWs, than OFAM.

The overall pattern of MHW distribution and intensity are in agreement between the model and the observations (Figure 3). These results suggest that MHWs on the eastern KP are mainly driven by warm-core ocean eddies, while MHWs on the western KP are driven by less-transient, and possibly larger-scale, processes. The MHWs that occur over the KP (i.e., in waters shallower than 3,000 m) belong to the latter group. As characterizing MHWs over the KP is the key focus of this study, we further investigate the occurrence of the plateau-wide MHWs over the 23-years record.

In the observations, between January 1994 and December 2016, the SST on the KP exceeds its 90th percentile in the austral summers of 1997, 2003–2004, and 2009–2013 (Figure 4A, when the black line exceeds the green line). Amongst these events, the strongest and most persistent anomalous warming over the KP occurs between December 2011 and December 2012 (Figure 4B). This warming period peaks during the winter of 2012, with up to 2°C above climatology over the KP (Figure 4C). Because of high SST variability, this warming event is intermittent at a given location (i.e., 76°E, 53°S, magenta dot in Figure 4D). However, a map of cumulative SST anomaly (SSTA) between December 2011 and June 2013 indicates that the MHW extends over the whole KP (Figure 4D).


[image: Multiple graphs and maps depict sea surface temperature (SST) data. Panels A and E show line graphs of SST variations over time. Panels B and F illustrate SST percentile and climatology trends. Panels C and G present heat maps of SST anomalies with a color scale from blue to red, indicating temperature variations. Panels D and H display cumulative SST anomalies with specific ranges highlighted. Geographic coordinates are noted on the maps, showing areas of temperature change.]
FIGURE 4. (A) Time-series of SST (black), climatology (blue) and 90th percentile (green) in NOAA-OI observation-based product for 1994–2016 in the magenta dot shown in (D); (B) as in (A) but for November 2011 to December 2012; (C) SSTA snapshot of July 2012 in NOAA-OI; and (D) cumulative SSTA of December 2011 to July 2013 in NOAA-OI; (E–H) as in (A–D), but for OFAM. Black contours are the 3,000 m isobath.


In the model output, the simulated SST exceeds its 90th percentile in the summers of 2003, 2006, and 2009–2013 (Figure 4E). The strongest events seen in the observations (Figure 4A), between 2009 and 2013, are well-represented in the model output. In addition, the strongest event seen in the observations (December 2011–December 2012) is also well-simulated (Figures 4F–H). The model simulates the anomalously warm SST over the winter of 2012, peaking in August 2012 (Figure 4F). The map of cumulative SSTA between December 2011 and June 2013 indicates that the simulated MHW also extends over the whole KP. The modeled MHW peaks to the east of the KP, but still covers the entire plateau and surrounding slopes limited by the 3,000 m isobath (Figure 4H).

Six of the seven summers under MHW conditions in the model output coincide with summers under MHW conditions identified in the observation-based product (Figures 4A,E). This result gives us confidence that the model is simulating the MHWs forced by local to regional-scale processes, such as changes in the wind patterns or changes in the air-ocean heat flux. In addition, both the persistence of the anomalous warming over the 2012 winter, and the spatial pattern of stronger SSTA, are simulated in the model output. Therefore, we use the model to investigate the penetration of the strong MHW event of 2012 from the ocean's surface to the ocean's subsurface.

The pattern of extremely hot temperatures over the KP region changes with depth and in time during 2012 (Figure 5A). Early in 2012, temperatures exceeding the 90th percentile threshold spread over the northern part of the KP at the surface level, but not at 100 m depths. At the surface, the extreme signature persists until September, dissipating in November. At 100 m depths, the extreme signature emerges in July, persisting until the end of the year. At 200 m depths, there is an extreme signature in the northern part of the KP that seems to be unrelated to the pattern seen at the surface. Later in the year, extreme hot anomalies spread over the whole KP. In a given location, the 2012 MHW is seen as temperature anomalies of up to 2°C above climatology, spreading from the surface to ~150 m depths (Figures 5B,C). Compared to other years, the positive anomaly values in 2012 were more persistent, more intense, and penetrated deeper. This positive anomaly in 2012 was even more persistent over the plateau (Figure 5C) than to the west of the plateau (Figure 5B).


[image: Panel A displays maps of water temperature changes at the surface and 100 meters depth across January, March, May, July, September, and November. Panels B and C show time series contour plots of temperature profiles from August to June, illustrating vertical temperature variations over time.]
FIGURE 5. (A) Monthly average of extreme temperatures (i.e., above the 90th percentile relative to climatology) for alternated months of 2012 at the surface (top), 100 m (middle), and 200 m (bottom) depths in OFAM; (B) Temperature anomaly, relative to climatology, at the western green dot in the last panel of (A), from surface to 250 m depths; (C) as in (B), but for the eastern pink dot in the last panel of (A); the black box indicates the year 2012.


We show that, in 2012, the KP was under MHW conditions that persisted from summer through winter, with anomalously warm waters penetrating down to 150 m depths. Considering the large spatial and temporal distribution of the MHW, and its presence in both the observations and in the free-running model, we hypothesize that this anomalous event and its deepening in the water column are forced by a large scale atmospheric pattern. Next, we investigate the action of the wind field as a deepening mechanism for this strong MHW event.

In 2012, the wind stress curl (WSC) over the KP varies between 1.2 × 10−7 and −1.5 × 10−7 N/m3 (Figure 6A). The maximum WSC over the KP, which would result in downwelling, occurs in July (Figure 6B). The minimum WSC over the KP, associated with upwelling, occurs in October/November (Figure 6C). The values of WSC in these months are the minimum for the whole time period analyzed in this study. Comparing these results with Figure 5, the month with deepest penetration of anomalously warm waters, coincides with the month of strongest wind-driven downwelling (i.e., July 2012). Therefore, this wind-driven Ekman pumping could be responsible for the penetration and persistence of the 2012 MHW through the winter months. In November 2012, the WSC changes, with upwelling conditions becoming dominant over the KP. These upwelling conditions lead to the dissipation of the MHW at depth over the following months, as seen in the SST time-series in Figures 4B,C.


[image: Line graph A shows wind stress curl (in newton per meter squared) from January 2011 to July 2013, with fluctuating values. Panel B is a heat map of July 2012, showing varying wind stress curls characterized by areas of red and blue. Panel C is a similar heat map for November 2012, with a rectangular overlay, also showing red and blue variations, indicating different wind stress patterns. Both heat maps cover a region between 44°S and 56°S latitude and 60°E and 90°E longitude.]
FIGURE 6. (A) Time-series of spatially averaged wind stress curl in the region delimited by the magenta box in (C), between January 2011 and December 2013. The blue line indicates the year 2012; (B,C) maps of wind stress curl (colors) and wind stress (arrows) in July 2012 and November 2012, respectively. The gray line is the 3,000 m isobath.


The wind conditions over the KP may also be modulated by remote large-scale forcing changes via atmospheric teleconnections. Thus, we now investigate the possible contribution from large-scale climate modes to the changes temperature over the plateau. For this analysis, we calculate the correlation between ocean temperature at the surface and at 150 m depths over the KP with the indices of four large-scale climate modes (Figure 7).


[image: Twelve clustered heat maps labeled A to L show data variation across a geographic area marked by latitude and longitude. Colors range from blue to red, indicating different data values from -0.3 to 0.2. Contours and shading suggest topographical or temperature variations.]
FIGURE 7. Maps of point-wise correlation coefficients between SST from NOAA-OI (left), temperature at the surface in OFAM (center), and temperature at 150 m in OFAM (right) and indices (single time series) of the following climate modes: (A–C) IOD, (D–F) ENSO, (G–I) PDO, and (J–L) SAM, between Jan 1994 and Dec 2016; the stippling (black dots) indicates regions where the correlations are statistically significant at the 95% confidence level, taking account of the effective number of degrees of freedom; the gray line indicates the 3,000 m isobath.


At the surface, in both model and observations, IOD, ENSO, and SAM are significantly correlated with ocean temperature over several portions the KP (Figures 7A–L). The highest correlation, as expected, happens between KP waters and the SAM, with clear patterns to the north and to the south of the KP (Figures 7J,K). SAM is the dominant mode of variability across the Southern Hemisphere mid to high latitudes. Nevertheless, ENSO has a significant positive correlation with surface waters to the south of the KP (Figures 7D,E). ENSO is the dominant global mode of interannual climate variability, albeit dynamically centered across the tropical Pacific atmosphere-ocean. The correlation between the IOD and surface temperatures differs between the model and the observations. In the observations, there is a positive correlation between this index and waters shallower than 3,000 m depths (Figure 7A), with some significant correlation evident in the center of the KP. However, in the model, significant values are only found to the north of the KP, associated with the ACC (Figure 7B). This latter pattern, and also the pattern of correlation between surface temperature and the PDO, are not coherent.

At 150 m depths, all investigated climate modes are significantly correlated with the ocean's temperature (Figures 7C,F,I,L). Correlations between ocean temperature and ENSO, PDO, SAM are similar at this depth, with positive values in the northern part of the plateau, and negative values in the southern part of the plateau (Figures 7F,I,L). There is also a significant correlation between the deep waters over almost the entire KP and the IOD (Figure 7A).

We show that the strong 2012 MHW event on the KP penetrates to a depth of 200 m during winter. This depth penetration is likely linked to the wind pattern found over the KP for those months, which favored downwelling. In November, when the MHW dissipates, the wind pattern favors upwelling. As we show here, Gille et al. (2014) also find that cold SSTs correlate with winds favoring upwelling over the KP. The effect of the regional wind circulation has been linked to the deepening of MHWs before, although in a study region that was coastal. Schaeffer and Roughan (2017) show that downwelling-favorable winds reduce the ocean stratification off eastern Australia, mixing the water column and aiding the deepening of anomalously hot SST. Downwelling-favorable winds have also been linked to the persistence of the 2013/2014 MHW along the North American west coast and its role in toxic algal blooms (McCabe et al., 2016). In addition to the wind-stress, other mechanisms may have played a role in the 2012 MHW deepening include ocean eddies, and Rossby waves. Specifically, stationary Rossby waves have been linked to strong vertical velocities over the KP, and to high anthropogenic carbon sequestration at this location as a result (Langlais et al., 2017).

The significant correlation between climate modes and SST over the KP suggests that MHWs in the region may also be influenced by remote oceanographic drivers. The influence of remote drivers manifests via either atmospheric or oceanic teleconnections, which can act to modulate the local circulation (Holbrook et al., 2019). Examples of atmospheric teleconnections here are atmospheric bridges or atmospheric Rossby waves, and an example of an oceanic teleconnection are oceanic Rossby waves. Climate modes are important remote MHW drivers in many regions of the ocean (Holbrook et al., 2019, and literature therein). In the broader KP region (i.e., 40–60°S, 50–90°E), the positive phase of the SAM, the negative phase of the Atlantic Niño index, and the positive phase of the Northern Atlantic Oscillation have been shown to be significantly related to increased MHW occurrence (Holbrook et al., 2019). It is relevant to note that Holbrook et al. (2019), however, only show the dominant climate modes in each oceanic region, and that the other modes identified in our results could well be the second or third significant modes at these locations. Here, we further show that the IOD is significantly correlated with waters over the plateau itself, while ENSO is correlated with waters to the south of the plateau, and SAM with waters to the north of the plateau. Despite this short duration, the 2012 IOD was intense, impacting tropical and subtropical ocean temperatures. Therefore, it is likely that the 2012 MHW in the KP region was influenced by this unusual IOD phase. The correlation between SST over the KP and climate modes suggests that there may be potential predictability for MHWs in this region. Furthermore, considering that the IOD is the dominant mode over the KP itself, it may be a reasonable metric for shallow water variability over the plateau.



4. CONCLUSIONS

We show that strong MHWs can occur in the KP region and that a significant MHW occurred in the region during 2012. More than that, MHWs over the KP can persist over winter months and can penetrate into the subsurface of the ocean. Many Southern Ocean species are dependent on the regular interannual temperature cycle that exists in this region and are likely to be impacted by the gradual long term change that is projected by anthropogenic climate change (Constable et al., 2014). It is also likely that many species will be impacted much sooner by ocean temperature extremes that occur during MHWs (e.g., Smale et al., 2019). In turn, as the climate warms, MHWs are projected to become more intense and occur more frequently (Oliver et al., 2018). As such, the characterization of MHWs in the KP region are key to understanding the environmental changes likely to be seen across a warming KP. The knowledge of environmental changes can then be used to investigate potential impacts on the populations of marine species (Goedegebuure et al., 2018). These investigations are especially important to understand the future population trajectories of threatened species which use the KP region for both food and as a breeding habitat, and for commercially exploited species that occur on the KP.
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It has proven extremely challenging for researchers to predict with confidence how human societies might develop in the future, yet managers and industries need to make projections in order to test adaptation and mitigation strategies designed to build resilience to long-term shocks. This paper introduces exploratory scenarios with a particular focus on European aquaculture and fisheries and describes how these scenarios were designed. Short-, medium- and long-term developments in socio-political drivers may be just as important in determining profits, revenues and prospects in the aquaculture and fisheries industries as physical drivers such as long-term climate change. Four socio-political-economic futures were developed, based partly on the IPCC SRES (Special Report on Emissions Scenarios) framework and partly on the newer system of Shared Socio-economic Pathways (SSPs). ‘Off the shelf’ narrative material as well as quantitative outputs were ‘borrowed’ from earlier frameworks but supplemented with material generated through in-depth stakeholder workshops involving industry and policy makers. Workshop participants were tasked to outline how they thought their sector might look under the four future worlds and, in particular, to make use of the PESTEL conceptual framework (Political, Economic, Social, Technological, Environmental, and Legal) as an aide memoire to help define the scope of each scenario. This work was carried out under the auspices of the EU Horizon 2020 project CERES (Climate change and European aquatic RESources), and for each ‘CERES scenario’ (World Markets, National Enterprise, Global Sustainability and Local Stewardship), additional quantitative outputs were generated, including projections of future fuel and fish prices, using the MAGNET (Modular Applied GeNeral Equilibrium Tool) modeling framework. In developing and applying the CERES scenarios, we have demonstrated that the basic architecture is sufficiently flexible to be used at a wide diversity of scales. We urge the climate science community to adopt a similar scenarios framework, based around SSPs, to facilitate global cross-comparison of fisheries and aquaculture model outputs more broadly and to harmonize communication regarding potential future bioeconomic impacts of climate change.

Keywords: scenario, marine, aquaculture, fisheries, climate change


INTRODUCTION
Climate change is anticipated to have long-term and widespread consequences for fisheries and aquaculture in Europe (Peck and Pinnegar, 2018; IPCC, 2019). However, it can be exceedingly difficult to distinguish between the long term consequences of climate change and those of other human drivers such as the intensity of fishing pressure, the prevalence and effectiveness of legislation, the spatial management of maritime activities and the price of fuel or energy, all of which can directly or indirectly affect trajectories of fisheries and aquaculture development. It can be extremely challenging to predict with confidence how human societies might evolve in the future given the compounding uncertainties in social, political and economic variables that exist (Msangi et al., 2013). Consequently, researchers have often chosen to articulate a set of contrasting scenarios that help to steer a course between the false certainty of a single forecast and the paralysis that might otherwise emerge when faced with a bewildering array of co-conspiring social, economic and environmental variables (O’Neill et al., 2014). Scenarios can be fully quantitative, such as those used by the United Nations Intergovernmental Panel on Climate Change (IPCC) or largely qualitative, i.e., they can exist only as a set of narrative storylines. Several typologies have been developed to describe different types of scenario (see Börjesson et al., 2006). They can be: (1) Predictive – i.e., describe what is expected to happen under certain pre-defined conditions; (2) Explorative – i.e., used to say what the logical outcome might be if the World develops in a particular coherent direction, or (3) Normative – i.e., outline the many possible ways that a desired outcome or destination could be reached. For scenarios to be useful they must always be possible and credible (Wodak and Neale, 2015). In the present study we have focused our attention on defining a set of four explorative scenarios; distinct visions of what the fisheries and aquaculture sector in Europe might look like, were the socio-political outlook of the continent to develop in each of four directions. As recognized by the United Nations Environment Programme (UNEP, 2002), ‘scenarios do not have to be developed from scratch,’ they can be borrowed or adopted from the literature. In the present case it was decided to make use of both quantitative outputs and the underlying qualitative narrative from the SRES (Special Report on Emissions Scenarios) storylines developed by the IPCC in 2000 (Nakićenović et al., 2000) as well as the newer Shared Socio-economic Pathways (SSPs) framework developed from 2010 onward (see O’Neill et al., 2014; van Vuuren et al., 2014), that will be a major feature of the IPCC 6th Assessment Report (AR6) in 2021.
The European Union CERES project (Climate change and European aquatic RESources) set out to provide better understanding of how climate change will impact fisheries and aquaculture over the next 20–30 years. This wide-ranging project involved participants from 15 European countries and 26 organizations (including universities, government research agencies, and industry stakeholders), spanning the whole continent (with case studies termed ‘Storylines’ from the Arctic to the Black Sea and from the open ocean to inland waters). During the first 6 months of the project, socio-political-economic narratives (henceforth known as the ‘CERES scenarios’) were developed, that were in-turn translated into quantitative combinations of drivers that could be used for regional modeling (see Kreiss et al., 2020; Hamon et al., under review, on fisheries and aquaculture, respectively). The four CERES Scenarios were deployed in all subsequent work packages of the project, and in a wide variety of CERES project deliverables (see Peck et al., 2020 for a summary).
Within the CERES project, socio-political-economic scenarios proved useful because:


(1)The future is uncertain. Examining the literally thousands of possible future states (using models) – depending on different assumptions and the time available – is complex and confusing. The number of permutations of climate vs. economic vs. political possibilities needed to be constrained by defining a smaller number of scenarios or pre-defined ‘pathways’ to cut-through this complexity.

(2)Humans matter. Governments manage people and their activities not the ecosystems themselves, therefore it is necessary to map-out how human societies might develop as well as changing physical/climatic variables.

(3)Speaking a common language is needed. Having a similar concept of how the future might unravel is very helpful. Scenarios can be used to connect seemingly disparate disciplines and make use of outputs from different modeling groups if a common architecture is used.



In the present paper, we describe the ethos and assumptions behind each of the CERES scenarios and how the four scenarios were derived. This paper is the first of a series of three in this IMBeR special issue of Frontiers in Marine Science and should be read alongside that of Hamon et al. (under review) on fisheries and Kreiss et al. (2020) on aquaculture. Elements of the scenarios are presented using the PESTEL approach, a concept that stems from the business world and is frequently used as an aide memoire to examine external factors that have an influence on a particular business or company (Johnson et al., 2017). PESTEL is a mnemonic, which in its expanded form denotes Political, Economic, Social, Technological, Environmental and Legal. Key questions from PESTEL analyses include:

	•What is the political situation of the country or region (e.g., trade, fiscal, and taxation policies) and how might these affect the fisheries and aquaculture industry in each scenario?
	•What are the prevalent economic factors in each scenario (e.g., employment or unemployment rates, raw material costs etc.)?
	•How much importance do culture and societal issues have in each scenario (e.g., changing family demographics, education levels, cultural trends, attitude changes and changes in lifestyles) and how might it affect the fisheries and aquaculture industry?
	•What technological innovations are likely to occur and affect the development pathway of the particular industry?
	•What are the environmental concerns for the fisheries and aquaculture industry, including the impact of climate change?
	•Are there legal instruments (treaties, directives, bylaws) that regulate the industry? Are changes anticipated that could determine how the fisheries and aquaculture industry might develop in the future?





MATERIALS AND METHODS


The Five-Step Process for Developing the CERES Scenarios

In developing the CERES scenarios, a five-step process was followed (Figure 1), whereby we: (1) reviewed the existing literature on maritime scenarios, including the IPCC SRES scenarios, (2) asked stakeholders to use the basic SRES architecture to map out their thoughts for what European aquaculture and fisheries might look like in 2050, (3) adapted the scenarios architecture so that it was consistent with the latest RCP-SSP matrix approach; (4) carried out additional economic modeling using the MAGNET general equilibrium modeling framework in order to generate outputs that could be used in bioeconomic models of downscaled fisheries and aquaculture; and (5) attempted to ‘regionalize’ the overarching CERES scenarios using quantitative model outputs as well as inputs from regional stakeholder meetings.
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FIGURE 1. Five-step process through which the CERES scenarios for fisheries and aquaculture were developed.


A key starting point for developing the CERES socio-political-economic scenarios was to examine previous efforts to build scenarios in similar marine studies, most notably scenarios stemming from the UK AFMEC project (Alternative Futures for Marine Ecosystems, Pinnegar et al., 2006b), the EU ELME project (European Lifestyles and Marine Ecosystems, Langmead et al., 2007) and the EU VECTORS project (Vectors of Change in Oceans and Seas Marine Life, Groeneveld et al., 2018), all of which were based on the IPCC SRES scenarios architecture. SRES scenarios, were first used in the IPCC Third Assessment Report (TAR), published in 2001, and in the IPCC Fourth Assessment Report (AR4), published in 2007 as well as forming the basis of the UN – Millennium Ecosystem Assessment published in 2005. Four different SRES narrative storylines (A1, A2, B1, and B2) were developed by the IPCC, each describing possible future worlds and taking into account factors such as global population trends, land-use changes, economic growth and per capita income. These contrasting SRES ‘storylines’ have subsequently proven to be of great utility. Over time, the SRES scenarios were given names to help illustrate their main characteristics, for example the United Kingdom Climate Impacts Programme (UKCP, 2001) provided socio-economic scenarios for climate change impact assessment and named them World Markets (A1F1), National Enterprise (A2), Global Sustainability (B1) and Local Stewardship (B2). In developing the CERES Scenarios, we retained these names and basic characteristics of the scenarios.



Building on the SRES Architecture Through Stakeholder Workshops

At the onset of the CERES project in April 2016, a basic outline of the four prototype CERES scenarios was provided to all project participants (World Markets WM, National Enterprise NE, Global Sustainability GS and Local Stewardship LS). Each participant was solicited to provide their personal vision (in hand-written notes) on how, in their opinion, the future might unfold under each of the four futures, specifically focusing on fisheries or aquaculture. These opinions were supplemented with further suggestions from participants at the ICES/PICES Workshop on Economic Modeling of the Effects of Climate Change on Fish and Fisheries (WKSICCME_Econ) on 3rd June 2016, in Brest, France. In writing their personal visions for the future, all participants were encouraged to make use of the PESTEL framework, i.e., they were asked to explain how the scenarios would differ in terms of (1) Political, (2) Economic, (3) Social/Cultural, (4) Technological, (5) Environmental, and (6) Legal considerations by the year 2050. The information was used to produce a ‘Glossy Report Card’ (CERES, 2016) that was subsequently made available as a reference material throughout the project.



Incorporation of the SSP and RCP Framework

Since 2010, an international team of climate scientists, economists and energy systems modelers has worked together to build a new generation of socio-political “pathways,” intended to supersede the previous generation of SRES scenarios. These Shared Socioeconomic Pathways (SSPs) outline how global society, demographics and economics might change over the next century, but were largely unknown to the CERES project team in 2016. Each SSP consists of a narrative outlining broad characteristics of the global future and a set of quantitative model projections concerning country level human population numbers, GDP, urbanization rate, energy and land-use. Information about the basic SSP architecture and ethos were described by O’Neill et al. (2014) and van Vuuren et al. (2014). More than 4,000 publications (Google Scholar 01/06/2020) have now made reference to the ‘shared socioeconomic pathways’ (SSP) framework, not only within the context of the climate change literature but also with regard to many other issues, e.g., urban development (Chen et al., 2020) or water usage (Graham et al., 2020). Given that the IPCC intends to use the SSP framework in their 6th Assessment Report (AR6) in 2021 and that a broadly comparable approach is being taken by other high-profile initiatives such as the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services – IPBES (Rosa et al., 2017), it was felt desirable to try to map the prototype CERES scenarios against this new SSP framework in order to enhance uptake and future utility of the results.

The five SSPs are differentiated along two axes (Figure 2): one on the basis of socioeconomic challenges to climate change mitigation (reducing greenhouse gas concentrations) and the other reflecting socioeconomic challenges to climate change adaptation (increasing societal and economic resilience to cope with the impacts from climate change). In other words, the SSPs describe worlds in which societal trends conspire to make mitigation of or adaptation to climate change harder or easier, without explicitly considering climate change itself (see O’Neill et al., 2014, 2017). The five scenarios and their descriptive names are:

	•SSP1: Sustainability (Taking the Green Road)
	•SSP2: Middle of the Road
	•SSP3: Regional Rivalry (A Rocky Road)
	•SSP4: Inequality (A Road divided)
	•SSP5: Fossil-fueled Development (Taking the Highway)
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FIGURE 2. Five shared socioeconomic pathways (SSPs) representing different combinations of challenges to mitigation and to adaptation (based on O’Neill et al., 2014).


The five SSPs have been designed to be used alongside and in combination with four Representative Concentration Pathways (RCPs) to analyze feedbacks between climate change and socioeconomic factors (O’Neill et al., 2014). The IPCC 5th Assessment (AR5) report, published in 2014 was the first to make use of RCPs. The four RCPs (RCP2.6, RCP4.5, RCP6.0, and RCP8.5), are named after the level of radiative forcing in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively). Radiative forcing is a measure of the energy absorbed and retained in the lower atmosphere – effectively the amount that the Earth’s energy budget is out of balance. If all combinations of SSP and RCP were tested, this would yield 20 different permutations, although it is now becoming apparent that certain combinations are not really coherent. A high fossil fuel usage SSP5 scenario, for example, seems highly unlikely to go together with a low emissions RCP2.6 scenario and indeed models struggle to reconcile this combination (Rogelj et al., 2018). Conversely, only SSP5 is expected to lead to increases in greenhouse gas concentrations that reach RCP8.5 according to Rogelj et al. (2018).

van Vuuren and Carter (2014) provided a suggestion for how to align the previous generation of SRES scenarios and the new matrix of RCPs and SSPs. van Vuuren and Carter (2014) suggested that this was useful: (i) to assist researchers in using elements of existing scenarios in studies based on the new framework and (ii) to aid interpretation in assessments that compare findings using the new scenarios framework with results based on existing scenarios. The authors scanned the 4 RCP versus 5 SSP matrix to select coherent combinations that best approximated the four widely used SRES storylines. An A2 SRES ‘National Enterprise’ scenario best mapped onto RCP 8.5 and SSP3; a B2 SRES ‘Local Stewardship’ (or A1B) scenario best mapped onto RCP 6.0 and SSP2; a B1 SRES ‘Global Sustainability’ scenario mapped onto RCP 4.5 and SSP1 and an A1FI SRES ‘World Markets’ scenario onto RCP 8.5 and SSP5. These recommended combinations were used as the basis for the CERES scenarios for European fisheries and aquaculture (Figure 3). However, limited time and resources for physical and biogeochemical modeling constrained CERES to only two RCP projections (RCP4.5 and RCP8.5). Hence, the ‘local stewardship’ scenario was assumed to comprise RCP4.5 and SSP2 rather than encompassing RCP6.0.
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FIGURE 3. Conceptualization of the four CERES scenarios in terms of impact and adaptation. Direction of the arrows indicates an increasing development/impact. Double arrows indicate diverging socio-political focus.


Detailed descriptions of each SSP and the prevailing socio-economic conditions were provided in the form of five published papers (one for each SSP) in the journal Global Environmental Change. The four papers (by Fricko et al., 2017; Fujimori et al., 2017; Kriegler et al., 2017; van Vuuren et al., 2017) that correspond with the four CERES scenarios were ‘mined’ for useful narrative material. This search yielded important insights with regard to societal goals, assumed land use changes, levels of innovation and technology uptake etc.

Quantitative outputs for European countries were available through ‘off the shelf’ SSP data products downloaded from the International Institute for Applied Systems Analysis (IIASA). For example, country-specific projections for economic growth (Dellink et al., 2017), human population growth (Samir and Lutz, 2017); urbanization (Jiang and O’Neill, 2017); land use (Popp et al., 2017) and energy use (Bauer et al., 2017) were all available under each SSP and therefore the corresponding CERES scenario. However, these high-level statistics proved insufficient on their own for the more complex bioeconomic modeling activities envisaged within the CERES project (see Kreiss et al., 2020; Hamon et al., under review). Consequently, it was necessary to obtain more comprehensive projections of fuel and fish prices from another source. These more detailed economic outputs were obtained from a global general equilibrium model, developed at Wageningen Economic Research (Woltjer and Kuiper, 2014) but assuming exactly the same SSP framework (with simulations performed for SSP1, SSP2, SSP3, and SSP5).



Economic Quantification

MAGNET (Modular Applied GeNeral Equilibrium Tool) is a global general equilibrium modeling framework based on the earlier GTAP (Global Trade Analysis Project) tool (Woltjer and Kuiper, 2014). A distinguishing feature of MAGNET is its modular structure. In recent years, MAGNET has been used to simulate the impact of agricultural, trade, land and bioenergy policies on the global economy with a particular focus on nutrition and household food security. The MAGNET framework has been successfully used to investigate the potential impact of a hard Brexit on European fisheries (Bartelings and Smeets Kristkova, 2018), as part of the EU Horizon 2020 project SUCCESS.

The MAGNET model, similar to other macroeconomic frameworks, tracks changes in both the demand and supply of commodities. Income earned from land, labor and capital, as well as that raised from taxes defines total demand. Each commodity is produced by one sector, and each sector produces one commodity (e.g., one agriculture sector, one producer of fish, and one producer of fuel oil) in each country or region. Trade between countries and regions is followed and the model also attempts to simulate trade barriers (tariffs) between regions (Woltjer and Kuiper, 2014). Policy simulations compute consumption and trade (both imports and exports) by sector, as well as the price levels that ensure equilibrium in national and international markets (Woltjer and Kuiper, 2014).

In the present analysis the MAGNET modeling framework was used to assess future changes from a pre-defined baseline for different policy options (socio-political scenarios). Projections of GDP, human demographics and other key indicators were needed to construct the necessary baselines and as drivers of future changes. These projections were available from various sources and, in the present case (to generate the CERES scenarios) the MAGNET simulations were differentiated according to the various SSPs using GDP and population development assumptions from Dellink et al. (2017); Samir and Lutz (2017), and Doelman et al. (2018). All fish and shellfish were aggregated as one commodity. Future trends in fish and fuel prices were extracted from the MAGNET model for the period 2010–2050. The prices were provided in real terms and were corrected for inflation using a GDP deflator projection for Europe given that the CERES bioeconomic models use nominal prices (Woltjer and Kuiper, 2014).



Regionalization the 4 CERES Scenarios

A wide diversity of bioeconomic models was applied in the CERES project, each model with different data needs. Hence, it was necessary to tailor the scenario outputs to match the requirements of particular modeling teams as well as the geographic focus of their work.

CERES developed 24 Storylines (case studies) to help capture the high diversity of activities within the European fisheries and aquaculture sectors, spanning from marine to freshwaters and from high to low latitudes (see Peck et al., 2020). With regard to fisheries, eight single species and wider ecosystem modeling frameworks were applied and used to carry out economic simulations (e.g., FISHRENT, SIMFISH, Atlantis, Random Utility Models, and MEFISTO) (see CERES, 2019). Some of these modeling frameworks work on a spatial basis, whereas others only work at the whole system or macro-economic level. For practical reasons, not all elements of the four scenarios (Political, Economic, Social, Technological, Environmental, and Legal) could be investigated across all CERES Storylines (see Peck et al., 2020). In some cases, such as in the North Sea many different elements were investigated (see Hamon et al., under review), whereas simpler scenarios were examined elsewhere, for example to model fisheries in the Bay of Biscay (see CERES, 2019). In almost every case, information was needed on future fish and fuel prices, hence the MAGNET results were widely utilized throughout the project (see CERES, 2019; Hamon et al., under review).

For several geographic regions, scenario-construction exercises had already been attempted, often employing the same basic SRES or SSP architecture. In these instances, a considerable amount of thought had already been directed toward elaborating how each scenario might play out at the local level. Examples of this were the Baltic Sea where Zandersen et al. (2019) made use of SSPs to develop explorative scenarios focused on agriculture, wastewater treatment, fisheries, shipping and atmospheric deposition, and in the Dutch part of the North Sea where Matthijsen et al. (2018) outlined future scenarios of space utilization based on the original SRES four scenarios. In developing and ‘regionalizing’ the CERES scenarios, we endeavored to make use of these other works, and to make the resulting downscaled scenarios as complimentary as possible.

To facilitate the regional downscaling or specification of the CERES scenarios a specially convened fisheries and aquaculture engagement workshop was held in The Hague (Netherlands) on 21st–22nd November 2016. Stakeholders were asked how the future might look, under each CERES scenario for their particular farm or fishing fleet. They were requested to consider possible barriers to successful adaptation, any exogenous factors that might influence development trajectories and any issues that could or should be elaborated further through quantitative modeling. In addition, a series of face-to-face stakeholder meetings were held in Ireland, Netherlands, Turkey, and Romania and these helped the modeling teams to decide what a sensible approach might be in each particular context.

Several of the authors participated in two stakeholder workshops organized in 2017 by the Netherlands Environmental Assessment Agency. The workshops were attended by representatives of different sectors including fisheries, energy, sand extraction and recreation, as well as government officials, environmental NGOs and scientists who worked on four spatial scenarios translated into maps by landscape architects (see Matthijsen et al., 2018). Their four scenarios align well with the chosen CERES scenarios and were therefore used directly in the modeling described by Hamon et al. (under review).

The EU ELME project (European Lifestyles and Marine Ecosystems) made use of the SRES architecture to outline how various human drivers, notably pollutant discharge, fishing effort, shipping activity, tourism activity, oil and gas production, agricultural runoff etc., might evolve over the 21st Century for several European coastal seas (Baltic Sea, Black Sea, Mediterranean Sea, and Northeast Atlantic). The ELME project team outlined whether they would expect each driver to increase, remain stable, or decrease under each SRES scenario (see Langmead et al., 2007). These directional indications proved helpful when deciding upon the magnitude and direction of change in the CERES scenarios, especially where other information was lacking.

Kreiss et al. (2020) describe how the CERES scenarios have been applied to the European aquaculture sector. In contrast to the multiple model applications in the fisheries example, a single model type was used across all aquaculture storylines (case studies). That work was based on a well-established benchmarking approach to contrast present day and future economic performance of “typical farms.” Applications within the CERES project ranged from rainbow trout farms in Germany, Denmark, Turkey, and the United Kingdom, common carp farms in Poland and Germany, Atlantic salmon farms in Ireland and Norway, Gilthead seabream/European seabass farms in Turkey and Spain, blue mussel farms in Denmark and the Netherlands. To make bioeconomic projections of the impacts of climate change on the European aquaculture sector, the high-level CERES scenarios required additional refinement so that their narratives addressed additional PESTEL elements such as future fishmeal and fish oil prices, the price and availability of alternative (substitute) feed products, consumer acceptance and associated buying trends, trade and subsidy policy, etc. (see Kreiss et al., 2020).




RESULTS

In the following sections, we explore how each element of the ‘PESTEL’ analysis (Political, Economic, Social, Technological, Environmental, and Legal) could look under the four CERES storylines, and the relevance for European Fisheries and Aquaculture. We then go on to summarize outputs of the stakeholder engagement workshops, whereby experts provided their more specific vision of how they thought fisheries and aquaculture might look in each of the four future worlds.


PESTEL Analysis


P – Political

Many previous scenario exercises (e.g., SRES: Nakićenović et al., 2000) have chosen similar criteria to define their ‘possibility-space,’ with an axis that broadly represents a ‘local to global’ political outlook and an axis that tries to capture the prevailing value system, ranging from ‘environmentalism to consumerism.’ The CERES scenarios can be viewed as being similarly structured, comprising two outward-looking internationalist scenarios (WM and GS) and two more entrenched, inward-facing scenarios (NE and LS). They can also be viewed in terms of the implied level of state/government intervention, which is low under the WM scenario, but high under NE and somewhat intermediate in the LS and GS scenarios.

Under the WM scenario, sometimes characterized as being more ‘capitalist’ or consumer-focused, government takes a more arms-length approach to managing economic affairs and minimizes the provision of healthcare, education and other social services. Subsidies are strongly discouraged and the general ethos is to reduce taxes with public services privatized or privately managed. In stark contrast, the GS scenario assumes policy is increasingly coordinated at the inter-governmental level, either through the auspices of the United Nations or other bodies such as the European Union. In the GS scenario, society attaches greater value to balancing economic, social and environmental welfare (as opposed to economic growth) in a spirit of cooperation. Fair access to environmental resources (including trans-boundary fish stocks) and the conservation of global biodiversity are important aspirations.

Under the NE scenario, relationships with the EU or other international bodies remain more distant, with the balance of opinion favoring entrenchment in economic, foreign and defense policy. Nationalist and separatist movements (as exemplified by the recent exit of the United Kingdom from the European Union) gain ground, causing major disagreements about fisheries quota allocation, access rights and trans-boundary issues. This is generally a higher tax scenario with subsidies to protect national industries (e.g., fisheries), employment or food security. Long-term economic growth is heavily constrained by government policies that restrict international competition. Under the LS scenario there is also less focus on international cooperation although less overtly so from a nationalistic perspective. There is a strong emphasis on equity, social inclusion and democratic values at the local level. The co-operative movement is encouraged to expand whereby aquaculture and fisheries businesses, are owned and jointly run by their members, who share the profits or benefits (and also the risks). The LS scenario assumes high levels of public provision for health, education and social services, funded through moderately high taxes.



E – Economic

Dellink et al. (2017) provided long-term economic growth projections (GDP and per capita) for each country of the world, according to the various Shared Socioeconomic Pathways (SSPs). Average GDP-per-capita (expressed as 1,000 US$) for European countries in 2050 is projected to reach 57.8 under a WM (SSP5) scenario; 39.3 under a NE scenario (SSP3), 50.0 under a GS (SSP1) scenario and 45.9 under a under a LS (SSP2) scenario (CERES, 2016). Within the CERES project we supplemented this information by calculating fuel prices and commodity (fish) prices under each SSP from the MAGNET model.

Two different methods were utilized to generate price data: (1) to obtain an annual price range for simulated time series and (2) a fixed price variation range for endpoint scenario calculations, based on the available time-series (1997–2016 for fish prices and 1980–2016 for crude-oil prices). To define the width of the ranges, we used historical price variability. With regard to fish, we used European prices (only frozen, fresh, chilled and portioned fish and seafood products) from the FAO FishStat database (FAO, 2018) and for fuel we used European prices of crude oil import from the OECD (OECD, 2018).

Fuel and fish price difference among the four scenarios was somewhat limited (Figure 4). Annual change in prices ranged from +1.3 to +1.7% per year for fish and +2.6 to +2.9% per year for fuel. Other sources of future fuel and fish prices were examined and compared to the MAGNET outputs, given the importance of these variables to the CERES fisheries and aquaculture simulations (see Kreiss et al., 2020; Hamon et al., under review). Several datasets were available, but each alternative had its own shortcomings and, thus, we believe that the MAGNET outputs represent the best currently available. For example, the projection period used in other studies was often too short to be useful in bioeconomic models of fishery and aquaculture development, or there was usually a poor match with the SSP scenarios. On the other hand, we felt it desirable to test our assumptions regarding the choices of the trends and the range in values used. Consequently, we compared the MAGNET projections with the World Bank future fish prices (Msangi et al., 2013) and future fuel prices provided by the UK Department for Business, Energy and Industrial Strategy (BEIS, 2017). Comparison with alternative sources of data suggested that the ranges used in the CERES model outputs did match the broad trends estimated in other projection studies (see Figure 4) and that in every case simulated prices rose in the future (even though corrected for monetary inflation), with fish prices projected to rise slightly slower in the GS scenario compared to the others, and fuel prices rising faster in the more fossil-fuel intensive WM and NE scenarios compared to the ‘greener’ GS and LS scenarios (see Figure 4). Kreiss et al. (2020) and Hamon et al. (under review) demonstrate the consequences of this assumption for fisheries and aquaculture, when compared alongside the potential impact of future climate change. In an application to the North Sea flatfish fishery for example, fuel and fish prices proved much more influential than climate change with regard to determining the future viability of fisheries (Hamon et al., under review).
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FIGURE 4. Fish (A) and fuel (B) price trends relative to 2010 for the four CERES scenarios and for the other data sources (WB: World Bank and UK BEIS: Department for Business, Energy and Industrial Strategy). The shaded areas correspond to the 95% confidence intervals around the CERES price trend projections. In the lower panel the WM scenario is obscured by the LS and GS lines.




S – Social

Samir and Lutz (2017) provided human population trajectories for each SSP (and thereby each CERES scenario) by age, gender and level of education for all countries of the world up to 2100. They describe these as “the human core of the shared socioeconomic pathways.” Trajectories of human population growth resulting from the five SSPs differ very little up until 2030. This is due to the momentum of population growth and the fact that differences in the assumed trajectories of the components only phase in gradually. As might be expected, during the second half of the 21st century the differences increase with SSP3 (NE) reaching 12.6 billion in 2100 and SSP1 (GS) falling to 6.9 billion which is lower than today’s world population. For Europe specifically (36 countries), the human population projections are: 748 million by 2050 under a WM (SSP5) scenario; 606 million under an NE scenario (SSP3); 679 million under a GS (SSP1) scenario; and 672 million under a LS (SSP2) scenario (CERES, 2016).

These human population data can be used as the basis for calculating the demand for seafood products, both within Europe and internationally (Delgado et al., 2003). Within the European Union, the average consumption of fish is 24.3 kg/person/year, however, consumption varies from only 5.2 kg/person/year in Hungary to 57.0 kg/person/year in Portugal (EUMOFA, 2018). Failler et al. (2007) published fish consumption, production and trade (exports and imports) projections for 28 EU countries plus Norway, spanning 1989 to 2030. The projections suggest an increase in the demand for seafood products to 2030, driven partly by increases in the human population size of European countries, but also changes in per capita fish consumption related to changing societal affluence (especially in eastern European countries). Within the CERES project, in order to provide initial estimates of total demand for seafood products out to 2050, national population estimates from Samir and Lutz (2017) were combined with per-capita seafood consumption estimates reported from Failler et al. (2007), assuming that per-capita consumption profiles in 2050 are broadly similar to those reported by Failler et al. (2007) for 2030. In Figure 5, we provide estimates of total seafood consumption by the EUR-28 countries and Norway under each CERES Scenario. Under a WM (SSP5) scenario, total demand for seafood by 2050 is 16.1 million tons, compared to 11.8 million tons under an NE scenario (SSP3), 14.3 million tons under a GS (SSP1) scenario and 13.9 million tons under a LS (SSP2) scenario. It is important to note that these calculations do not take account of potential changes to societal attitudes and in particular with regard to eating animal (meat or fish) protein. Other authors have chosen to differentiate the SSPs in this regard, with both the WM (SSP5) and NE (SSP3) scenarios characterized by diets high in animal protein; GS (SSP1) with low animal-calorie shares and LS (SSP2) somewhat intermediate (Popp et al., 2017). The MAGNET model takes into account societal attitudes when determining demand for meat products, however, it does not consider societal attitudes with regard to fish consumption. In this case, demand for fish products was directly related to income (GDP/capita), price of fish and price of cereals (see explanation in Kreiss et al., 2020).
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FIGURE 5. Total seafood consumption derived from both fisheries and aquaculture of EU28 countries (plus Norway) by 2050, under each of the CERES scenarios. Three-letter country codes as defined in ISO 3166-1.




T – Technological

Devising scenarios for future advances in technology is challenging and verges toward ‘science fiction.’ Despite this, the uptake of and/or reliance on new technologies has been considered important when developing future scenarios, most notably in the Millennium Ecosystem Assessment (MEA, 2005). The MEA derived four scenarios including a ‘TechnoGarden scenario’ that depicts a globally-connected world strongly relying on technology and on highly-managed and often engineered ecosystems to deliver goods and services. Similarly, Constanza (2000) opted for four scenarios distinguishing between ‘technological optimism’ and ‘technological skepticism.’ Some of this technological narrative from the MEA and Constanza (2000) was included in the CERES scenarios (see Figure 3). From the more recent SSP literature (e.g., O’Neill et al., 2017), the WM (SSP5) scenario is characterized by rapid technological progress whereas this is less of a feature under the other scenarios. Under the WM (SSP5) scenario, local environmental impacts and challenges are, at least partially, addressed by technological solutions, but there is little effort or applied innovation to avoid global environmental impacts. Under the NE scenario (SSP2), investments decline in education, and thereby, technological innovation is heavily stifled. Difficulty in achieving international cooperation and slow technological uptake result in major challenges to climate change mitigation or adaptation (O’Neill et al., 2017). For the GS (SSP1) scenario, investment in green technology and changes in tax incentives lead to more sustainable resource utilization. Increased climate change mitigation and decreased impacts on marine and freshwater systems result from a combination of directed development of environmentally friendly technologies, a favorable outlook for renewable energy, international cooperation (i.e., learning from international ‘best practice’). Under the LS (SSP2) scenario, incremental advances in technology continue, but there are no fundamental breakthroughs as innovations are typically small-scale and regional. Further detail on scenarios of technological development in the fisheries and aquaculture sectors in Europe can be found in the companion papers by Kreiss et al. (2020) and Hamon et al. (under review), respectively.



E – Environmental

The CERES scenarios assume two different carbon emission and therefore warming trajectories, RCP8.5 (WM and NE) and RCP4.5 (GS and LS). Within the CERES project the well-established POLCOMS-ERSEM coupled biogeochemical model framework was used to generate climate change projections for the northeast Atlantic and Mediterranean Sea, whereas in the Baltic Sea a regional coupled atmosphere-ice-ocean-land surface model RCA4-NEMO was used (see CERES, 2018). In the Baltic Sea, temperatures were projected to rise by about 1°C in the first half of the century, with a further 2°C rise by the end of the century under RCP8.5, but only 0.5°C under RCP4.5. The North Sea was projected to warm by about 2°C during the 21st century under RCP8.5 and about 1°C under RCP4.5, with comparable increases at the sea surface and bottom. Surface temperatures in the Mediterranean Sea were projected to rise by 3°C during the 21st century under RCP8.5, with an increase of about 1.5°C under RCP4.5. Temperatures under the two RCPs were similar for the first few decades, but clear differences were anticipated by mid-century (Peck et al., 2020).

For the Norwegian and Barents Seas projections were available up to 2070, but only under RCP4.5, using the NORWECOM modeling framework (NORWegian ECOlogical Model) (Skogen et al., 2018). CERES fisheries modelers used information from global climate models to give equivalent extended projections to end of the century for RCP8.5. Sea surface temperatures were projected to rise by 0.5°C in the Norwegian Sea and 2.5°C in the Barents Sea by 2060 relative to present conditions, under the RCP4.5 climate scenario and by 0.6 and 3°C, respectively, by the end of the century. The corresponding increases for RCP8.5 were 1°C in the Norwegian Sea and 5.3°C in the Barents Sea.

Projections of river discharge and nutrient loading (used for modeling of freshwater aquaculture, see CERES, 2018) were obtained from the E-HYPE hydrological model at the Swedish Meteorological Institute (SMI). River discharges were projected to decrease in southern Europe by up to 25% under RCP4.5, and up to 50% under RCP8.5 by the 2080s. The biggest increases were projected for Norway and Sweden, with discharges 10–25% higher by the 2080s. The magnitude of change intensifies throughout the century and is greater under RCP8.5 than under RCP4.5 scenario (Donnelly et al., 2016).

Popp et al. (2017) examined land-use futures under each SSP. This is relevant to fisheries and aquaculture in Europe as changes in land-use can determine runoff patterns and hence water quality with downstream consequences for aquaculture sites but also pollutant run-off and therefore nutrients reaching the adjacent ocean. Nutrient emission scenarios were a major feature of the modeling work conducted by CERES scientists in the Baltic Sea. For the Baltic, an ‘Atlantis’ ecosystem model was developed, assuming the two climate change scenarios (RCP4.5 and RCP8.5) but also 3 nutrient load (eutrophication) scenarios that were broadly consistent with SSP1, SSP2 and SSP5, i.e., with water quality improvements under the Baltic Sea Action Plan (BSAP), a scenario of today’s level (reference) and a scenario of deteriorating water quality (worst) (CERES, 2019). A recent paper by Zandersen et al. (2019) also made use of SSPs to develop explorative scenarios for the Baltic Sea., with a focus on agriculture, wastewater treatment, fisheries, shipping and atmospheric deposition.

As might be expected, the release of nutrients heavily depends on the types of agricultural practices that predominate under each SSP. Within the WM (SSP5) scenario, it is assumed that agricultural subsidies, if present at all, are low (particularly those based on production) and prospects for nutrient emissions are mixed. On the one hand, precision farming techniques with carefully timed and targeted fertilizer application achieve higher yields. On the other hand, global supply chains reduce the price of fertilizer which encourages excessive use with little punitive action or intervention from governments, resulting in greater run-off of nutrients to the sea. Under the NE (SSP2) scenario by contrast, the goal of agricultural policy is to help ensure national food and income security. Agricultural production relies on high levels of fertilizer and pesticide input with weak control over application rates and timing. Therefore, high levels of nutrient run-off to river systems and eventually to the marine environment are expected under the NE scenario. For the LS (SSP2) and GS (SSP1) scenarios, the overall requirement for food is lower (due to slower population growth rates) and environmental regulation is stricter, hence nutrient inputs to riverine and marine environments are substantially reduced (relative to other scenarios). Traditional, low-intensity farming practices are particularly favored under the GS scenario (SSP1) in which large areas of land are removed from agricultural production (Popp et al., 2017).



L – Legal

There is already a vast number of byelaws, acts of parliament, EU Directives and international treaties that regulate fisheries and aquaculture in Europe (Boyes and Elliott, 2014). In constructing the CERES scenarios we considered whether or not there would be any substantive change in the legal landscape, given the socio-political conditions that are presumed to be prevalent in each future world. Under the WM scenario, social and environmental governance is increasingly achieved through international free trade agreements, establishing minimum legal standards and implemented primarily through market-based approaches [e.g., the General Agreement on Tariffs and Trade (GATT) via the World Trade Organization (WTO)]. Under the NE scenario, the EU remains at arms-length, with the balance of opinion favoring national entrenchment and thus a weakening of the EU Common Fisheries Policy as well as other EU Directives that govern fisheries and aquaculture development, including water quality issues such as the Marine Strategy Framework Directive (MSFD) and Water Framework Directive (WFD). Under the GS scenario, management of the global commons improves through binding international treaties that primarily work toward nature conservation or poverty alleviation [e.g., the United Nations Convention on Biological Diversity (CBD) or the United Nations Framework Convention on Climate Change (UNFCC)], facilitated by increasingly effective cooperation and collaboration among local, national and international organizations and institutions, the private sector and civil society. Trans-boundary environmental issues, including fisheries management are effectively resolved. Under the LS scenario, fisheries and aquaculture are regulated via a complex ‘mosaic’ of small-scale local byelaws and national legislation. Communities and cooperatives are involved in the management of the marine environment and in making decisions about development.




CERES Marine Fisheries Scenarios

In the following section we provide a commentary on the CERES marine fisheries scenarios based on an interpretation of the issues, differences and characteristics that became apparent from the PESTEL analysis (see above) as well as insights gained from previously published marine socio-economic scenarios. In addition, we drew extensively on the marine fisheries scenarios narratives elaborated by experts and stakeholders at the initial workshop (summarized in Figure 6).
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FIGURE 6. Draft socio-political scenarios elaborated for European fisheries by CERES partners and stakeholders.


Under the CERES World Markets (WM) Scenario the primary objective is generation of wealth and the production of large quantities of low-cost seafood. This scenario assumes completely open markets and global trading of seafood commodities. The price and flows of seafood are largely governed by supply and demand. Growing demand in Asia and developing countries means that it is harder for European countries to compete and therefore to secure sufficient supplies from elsewhere in the world. National quota allocation keys (e.g., within the EU Common Fisheries Policy) are abandoned as a protectionist measure that distorts the market. This is a low tax, low government intervention scenario with few legal or technical restrictions on fishing practices. A major focus is on achieving ‘Maximum Economic Yield,’ i.e., the most revenue that can be achieved from a fishery (see Hamon et al., under review). This could involve the elimination of competing predators (e.g., marine mammals, elasmobranchs), so that overall yields are maximized. The fishing industry is dominated by large multinational companies, with only a few high-tech boats. Fish quotas are owned and traded among large companies. Discarding regulations are not strict and there are few spatial restrictions on fishing practices (e.g., Marine Protected Areas – MPAs or offshore windfarms). Because of their economic value, fisheries are viewed as being more important than conservation. Destructive fishing gears continue to be tolerated. Labor in the European fishing industry is supplemented by low-cost immigrant workers.

Under the CERES National Enterprise (NE) Scenario the primary objective is national food security and maintaining employment opportunities. The fishing industry is managed at the national scale and this leads to many disagreements regarding quota allocation for stocks that cross international boundaries as well as fishery access rights. Each country restricts fishery access within its own territorial waters (Exclusive Economic Zone – EEZ), costs of enforcement are high and state subsidies are provided to maintain capacity or employment in the industry as well as national food security. A major focus is on achieving ‘Maximum Social Yield,’ i.e., the most employment that can be achieved from a fishery (see Hamon et al., under review). This leads to slower uptake of technology within the industry and many small (relatively inefficient) fishing vessels. Fisheries are regulated via a complex array of national laws and restrictions, resulting in a ‘mosaic’ of different management practices across Europe. In some places, innovative quota allocation schemes are tried, such as Individual Transferable Quotas (ITQs) but quota can only be traded within the nation state. Some discarding regulations are introduced and there is pressure to make use of unwanted catches to generate fishmeal for use in the indigenous aquaculture sector. Campaigns are launched to encourage citizens to eat seafood products that are derived from national waters, rather than relying on imported products from elsewhere in the world. High import tariffs are imposed and exports are discouraged. National labeling schemes take precedence (highlighting that the product derives from indigenous waters) rather than international schemes focused on sustainability or quality.

Under the CERES Global Sustainability (GS) Scenario the primary objective is global sustainability of fisheries and preventing the deterioration of marine environments. Fish are traded world-wide, but greater emphasis is placed on sustainability and on ethical production. Binding international agreements are reached and this results in strict regulation of fishing practices. A major focus is on achieving ‘Maximum Ecological Yield,’ i.e., minimizing the impact of commercial fisheries in natural populations and ecosystems (see Hamon et al., under review). Permissible levels of fishing mortality are set at a low level in order to protect the most vulnerable marine organisms (e.g., sharks and rays). Quotas are freely traded among companies and countries but with strong environmental obligations. Quota buy outs by conservation organizations and NGOs become commonplace. Many MPAs are introduced and fully closed to fishing to protect vulnerable species and habitats as well as to rebuild stocks and protect spawning/nursery grounds. Huge expansion of offshore renewable energy facilities leads to disruption in the fishing industry, with spatial access heavily regulated. Per capita consumption of fish products (and animal protein in general) is lowest in this scenario, as is human population growth. This has major consequences for the future demand for seafood products.

Under the CERES Local Stewardship (LS) Scenario, the primary objective is maintaining local sustainability of fisheries resources. It is possible that fisheries quota allocation or trading might occur at the sub-national level and that management would be achieved via regional panels, including extensive stakeholder or cooperative involvement. Fisheries are regulated via a complex ‘mosaic’ of regional byelaws and national legislation, resulting in an array of different management practices everywhere. This leads to positive outcomes in some places, but negative consequences elsewhere. A major focus is on achieving ‘Maximum Sustainable Yield,’ i.e., obtaining the most out of a population without damaging the resources or the underlying ecosystem (see Hamon et al., under review). It is anticipated that there would be improvement in the status of many inshore stocks for example shellfish or small-scale artisanal fisheries as a result of responsible exploitation practices, conversely effective management of stocks or species that traverse international boundaries would become much more difficult. Fishing fleets are characterized by large numbers of small/traditional vessels under local ownership. Minimizing ‘food miles’ is viewed as important, as is local self-sufficiency. Campaigns are launched to encourage citizens to eat seafood products that are derived from local waters, rather than relying on imported products from elsewhere (nationally or internationally).

Within the CERES project freshwater fisheries were addressed separately and are only discussed very briefly here. Under the WM and GS scenarios, the downward trend suggested by Failler et al. (2007), in demand for freshwater fish resources in much of eastern Europe, either from aquaculture or from wild-capture fisheries (and their replacement by imported marine products) would be expected to continue, whereas under the NE scenario such trends would be reversed as nationalities seek to make the most of their indigenous resources. Under the WM scenario freshwater fisheries would suffer as a result of degradation of freshwater habitats due to a lack of adequate controls on pollution and development. Buy-outs of traditional freshwater fishing rights by multinational companies or recreational groups might be expected, as would significant human pressures on water resources, e.g., extraction for irrigation, drinking water etc. Under the NE scenario the primary focus is on national food security, therefore freshwater recreational fisheries are not a priority. There is heavy extraction of water resources for irrigation and energy-intensive industries, impacting river flows and lake water levels. There are major disagreements regarding allocation and exploitation of stocks where these traverse national boundaries (e.g., on the Danube). Diadromous fish species are not effectively managed and decline in abundance. Under the GS international agreements are established to manage stocks where these traverse borders. Human pressures on water resources (e.g., extraction for irrigation, drinking water, etc.) are reduced compared to other scenarios, however, this scenario would witness the greatest expansion of hydropower and tidal energy schemes that could restrict the passage of diadromous species including salmon and eels. Conservation or recreational groups might engage in buy outs of freshwater fishing rights. Under the LS scenario, minimizing ‘food miles’ and protecting local habitats are viewed as important among citizens and government. A complex mosaic of different managements systems is established. This leads to positive outcomes in some places, but negative consequences elsewhere. Small-scale freshwater habitat restoration schemes are established, this is viewed as a more sustainable way of preventing local flood damage. Native freshwater fish species are reintroduced, to rivers and lakes from which they have previously been extirpated (e.g., sturgeon and burbot).



CERES Marine Aquaculture Scenarios

An overview of the CERES scenarios created for European aquaculture is shown in Figure 7 (adapted from CERES, 2016). In comparison with fisheries, much less effort had previously been dedicated toward deriving scenarios for aquaculture (although see FEUFAR, 2008), hence, this narrative was based almost entirely on suggestions made by stakeholders and project participants. Some of the biggest differences between the four scenarios concern the availability, potential replacement and/or utilization of fishmeal and fish oil in aquaculture. This topic is discussed in detail in the companion paper by Kreiss et al. (2020) where outputs from the MAGNET model were used to drive a separate Fishmeal and Fish Oil (FMFO) model (Mullon et al., 2016). In the analyses of by Kreiss et al. (2020), the differences in society’s acceptance of genetically modified (GM) organisms as sources of protein within fishmeal (e.g., soya or other land-based alternatives versus ‘traditional’ marine based ingredients) greatly impact prices of fish feed. In developing the CERES scenarios such factors were taken into account by using a demand flexibility parameter in the FMFO model (see Kreiss et al., 2020). Substitute materials for expensive fishmeal and fish oil were assumed to be more readily available in the WM and GS scenarios (high demand flexibility) and less available (low demand flexibility) in the more introvert NE and LS scenarios. Using the same underlying SRES scenario architecture (but only for the WM and GS scenarios), Merino et al. (2010) evaluated the combined role of market perturbations and climate variability (both short-term El Niño fluctuations and long-term global warming) on the global fishmeal production and consumption system. The authors concluded that the sustainability of small pelagic fish critical for traditional fishmeal and fish oil production, depended more on how society responds to climate impacts from an economic and political perspective than on the magnitude of climate alterations per se.
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FIGURE 7. Draft socio-political scenarios elaborated for European aquaculture by CERES partners and stakeholders.


The CERES WM scenario assumes completely open markets and global trading of aquaculture products (see Kreiss et al., 2020). The primary objective is the generation of wealth and the production of large quantities of low-cost seafood. Growing demand (as well as production) in Asian countries means that it is harder for European countries to compete and conversely to secure sufficient supplies from elsewhere in the world. Some aquaculture facilities in Europe are established explicitly with the aim of producing products that can be sold to the burgeoning Asian markets. Large-scale marine aquaculture facilities are established, owned and operated by a small number of multinational companies. Technology and automation are important in this scenario, as a means of cutting labor costs. A divergence in the European aquaculture markets develops whereby some consumers choose low-cost anonymous ‘white fish’ products with little regard to where it comes from or how it is produced, whereas other consumers seek high-quality, higher-cost products that are produced to more stringent quality standards, with full traceability. Common ‘minimum standards’ are established, within the context of international trade negotiations. There is very little government intervention or regulation at the national level. Completely open markets for fishmeal and fish oil lead to over-exploited wild stocks. Extensive use of fish waste to produce inexpensive (but low quality) fishmeal, creates a market for this material – this leads to depletion of previously non-target wild fish stocks. Given the increasing demand in China, European aquaculture companies find it hard to compete on global fishmeal markets, and so have to seek alternatives.

Under the CERES NS scenario, the primary objective is national food security and maintaining employment opportunities within the aquaculture sector (see Kreiss et al., 2020). There is little incentive to produce aquaculture products for the export market and indeed, the primary focus is on culturing ‘native’ species to meet local needs and tastes. The sector is characterized by small-scale aquaculture facilities with high energy and labor costs and less technological innovation. Given that the focus is on maintaining future production, conservation objectives are less important. There is competition for space with other users of the marine environment, e.g., wild capture fisheries, windfarms, conservation, oil and gas extraction, etc. and for freshwater resources. The allocation of space is largely determined by the national public benefit. The recent decrease in consumer demand for freshwater aquaculture products in Eastern Europe (e.g., Romania, Bulgaria, and Poland) is reversed, as pressure increases to fully utilize indigenous resources. Governments are less worried about downstream, trans-boundary consequences of aquaculture facilities (e.g., pollutants). National labeling schemes take precedence (highlighting that the product derives from indigenous aquaculture facilities) rather than schemes focused on sustainability or quality. Imports of fishmeal from Latin America are greatly reduced – more emphasis is placed on making use of indigenous sources, for example sandeel in the North Sea, sardinella and anchovy in the Mediterranean – this leads to localized depletions of wild fish stocks. Fishmeal prices are high, due to import tariffs and limited supplies to market.

Under the CERES GS scenario, the primary objective is global sustainability of aquaculture, protecting the public and preventing the deterioration of marine and freshwater environments (see Kreiss et al., 2020). Fish are traded world-wide, but greater emphasis is placed on sustainable and ethical production. Binding international quality standards are introduced and this results in strict regulation of aquaculture practices (e.g., chemical pollution, feed supply, labor conditions) as well as ‘traceability.’ This scenario would witness wide-scale technology transfer between countries and establishment of guides to international ‘best practice.’ Per capita consumption of fish products (and animal protein in general) is lowest in this scenario, as is human population growth. This has major consequences for the future demand for aquaculture products. Ecolabel certification schemes assume greater prominence (e.g., organically produced, ‘fair-trade,’ welfare-friendly). A full Environmental Impact Assessment (EIA) is required before a new aquaculture facility can be constructed. Co-location of large-scale aquaculture facilities is envisaged together with offshore windfarms. Renewable energy sources are used to power aquaculture facilities. The ‘carbon footprint’ of production is considered important, indeed oyster aquaculture has less than 0.5% of the GHG-cost of beef, pork, and poultry in terms of CO2-equivalents per kg protein, and so might be a particularly attractive option under this scenario (Ray et al., 2019). Fishmeal and fish oil are traded world-wide, but greater emphasis is placed on sustainable production and product substitution (with non-animal protein). As wild-capture fisheries worldwide are carefully managed, the potential supply of fish-meal is higher, however, the demand for aquaculture (and animal protein in general) is lower, and hence prices of fishmeal and fish oil on global markets are also lower. More aquaculture is based on herbivorous fish species (e.g., Cyprinidae species) rather than salmonids.

Under the CERES LS scenario, the primary objective is maintaining local self-sufficiency in aquaculture. This scenario anticipates an expansion of small-scale, low-impact fish farms or shellfish beds growing primarily ‘native’ species for the local market. Minimizing ‘food miles’ and protecting local habitats are viewed as vitally important. Smaller companies predominate. Aquaculture is regulated via a complex ‘mosaic’ of local bylaws, resulting in different management practices across Europe. Large-scale trans-boundary environmental problems are not tackled. Quality and traceability are very important – although a bewildering array of local standards as well as ecolabels make comparison very difficult. The allocation of space is determined by local development plans, that are developed in close cooperation with stakeholders. Moderate expansion of small-scale offshore windfarms in support of achieving local energy self-sufficiency creates some opportunities for ‘co-location’ with aquaculture facilities (e.g., fish cages or seaweed beds) between the turbines. Fishmeal prices are moderately high, due to limited availability of sustainable sources. Strong incentives exist to reduce waste, recycle materials and eliminate the need for wild-caught fish stocks for the production of fishmeal in aquaculture feeds, hence greater use of fishery discards is encouraged for this purpose.




DISCUSSION

The application of socioeconomic scenarios in the fisheries and aquaculture sector is in its infancy. Only a handful of previous studies have attempted to map out how these two sub-sectors might look in the future (e.g., Teh et al., 2016; Maury et al., 2017; Cheung et al., 2019) and, in the vast majority of cases only broad-brush descriptions of possible socioeconomic trajectories have been provided. By contrast, the CERES scenarios described here were explicitly developed to provide the forcing variables necessary for bio-economic models and hence to make it possible to conduct quantitative comparisons of alternative governance and management strategies taking account of future climate change.

In the two companion papers to this manuscript, Hamon et al. (under review) and Kreiss et al. (2020) the authors demonstrate how the CERES scenarios were taken up and used across the different model implementations, in order to identify possible threats and opportunities to the fisheries and aquaculture sectors in Europe over the next 20–30 years. CERES (2019) and Peck et al. (2020) describe how the four scenarios have been applied to wild-capture fisheries as diverse as Northeast Atlantic small pelagics (e.g., herring and mackerel), western Mediterranean small pelagics (sardine and anchovy), Aegean Sea mixed demersals (hake, red mullet, striped red mullet, and deep water rose shrimp), Norwegian/Barents Sea cod, capelin and herring, using many different bioeconomic modeling frameworks (e.g., SIMFISH, Atlantis, RUM, FISHRENT, and MEFISTO). A particular application to the North Sea flatfish fishery (plaice and sole) is provided by Hamon et al. (under review). In this latter paper, the authors show that the impacts of economic and political factors (most notably fish and fuel prices) are expected to outweigh the direct impact of climate change by mid-century. The change in temperature projected for the North Sea and its main ecological consequences for the distribution of sole and plaice are anticipated to remain small until mid-century. The fact that the profitability of fleets is so strongly driven by fish and fuel prices leads us to pay more attention to assumptions regarding the prices used in the scenarios. The prices were derived from the global MAGNET model, however, some price dynamics are not captured by these smooth upward trends (see discussion below).

Similarly, Kreiss et al. (2020) describe how the CERES scenarios have been applied to the European aquaculture industry. Applications within the CERES project ranged from rainbow trout farms in Germany, Denmark, Turkey, and the United Kingdom, common carp farms in Poland and Germany, Atlantic salmon farms in Ireland and Norway, gilthead seabream/European seabass farms in Turkey and Spain, blue mussel farms in Denmark and the Netherlands. Analyses by Kreiss et al. (2020) suggested that profitability of ‘typical farms’ at mid century (2050) was most sensitive to changes in feed costs, price trends and marketing options, rather than the direct, biological effect of climate change on culture environments and target species.

These diverse applications of the CERES scenarios clearly demonstrate that the concept is ‘scalable’ and sufficiently flexible for use at the level of a single aquaculture farm or equally a massive industrial fishery operating throughout the northeast Atlantic. Similarly, we have shown that the same scenario architecture can be applied to both freshwater and marine systems and in vastly different socio-political contexts (e.g., from the Black Sea to the Arctic). We argue that considerable benefit could be gained from rolling out this scenario framework more broadly and deriving comparable scenarios for global analyses, perhaps within the context of the Fisheries and Marine Ecosystem Model Intercomparison Project (Fish-MIP) (see Tittensor et al., 2018) which has a ‘Scenarios working group.’ A similar approach has been advocated by Maury et al. (2017) who constructed a series of socio-political scenarios for global oceanic fisheries also based on the SSPs, although the authors called them “Oceanic System Pathways” (OSPs). Within the approach taken by Maury et al. (2017) two major driving forces were chosen to structure the OSPs: (1) the demand for seafood resources, (2) the costs of harvesting, processing and transporting these resources and associated products. The two drivers of global marine fisheries governance chosen to structure the OSPs were: (1) inter-state relations and (2) the global reach of firms (Maury et al., 2017).

There are many different ways to construct scenarios for fisheries and aquaculture. A common approach has been to base them on existing architectures such as the SRES or SSP framework, with or without extensive stakeholder engagement. The CERES scenarios, those of Maury et al. (2017) and the scenarios developed by Cheung et al. (2019) are all deeply rooted in the architecture of the Shared Socioeconomic Pathways (SSPs). Similarly, Teh et al. (2016) used the SSPs to construct fisheries scenarios for Canada. An alternative approach, however, can be to build up scenarios from first principles, starting with key drivers. Planque et al. (2019) used this bottom-up approach to build new scenarios for various Marine Social-Ecological Systems (MSES) based on experiences of stakeholders working in the Barents Sea. Workshop participants were tasked to describe the current state and trends in the MSES from each individual perspective (i.e., ecosystem, fisheries management, ocean and climate, or global governance). During the second step, participants produced multiple narratives about the possible futures of the MSES, separately for each individual perspective. These were elaborated according to a few contrasted storylines, typically “baseline,” “positive,” and “negative.” The third step was dedicated toward integration, when actors were asked to explore more complex and multi-faceted futures. In the EU FEUFAR (The Future of EUropean Fisheries and Aquaculture Research) project a very similar participatory approach was taken and this yielded five distinct future scenarios for the European seafood industry (FEUFAR, 2008). The FEUFAR project started with 42 drivers that broadly encompassed regulation, markets and economy, social dynamics, ecosystems, climate change, production and research. For each driver a set of contrasting ‘hypotheses’ (trajectories) was elaborated. These were aggregated into ‘micro-scenarios’ that were themselves built up, into the five contrasting ‘macro-scenarios.’

It is important to note that no single scenario will ever come to pass in its entirety. Certain elements from each of the four CERES scenarios are likely to feature in the future and the main purpose is to bracket the uncertainty-space, even though this means that the resulting scenarios look like somewhat cartoonish end-points of reality. The IPCC always maintained that it was neither possible nor desirable to attach probability estimates to their four basic (SRES) scenarios (see Grübler and Nakicenovic, 2001) and the same would be true of the newer SSPs. However, in a recent paper, Hausfather and Peters (2020) made reference to the SSPs and highlighted the more nuanced possibilities that the combined SSP/RCP matrix approach can allow. In particular, these authors argued that the combined RCP8.5 and SSP5 (i.e., World Markets) scenario, is now “Highly unlikely” given current development trajectories. By contrast the authors argued that the combined RCP4.5 and SSP2 (i.e., Local Stewardship) scenario is “Likely – given current policies.”

It should be noted that none of the CERES socio-political scenarios assume RCP2.6 or SSP4. The main reason for this decision was that van Vuuren and Carter (2014) did not include this combination in their mapping of RCPs and SSPs against the SRES scenarios. RCP2.6 represents the IPCC ‘best case’ scenario and relies not only on reducing CO2 emissions, but also that CO2 is actively removed from the air after 2050 via aggressive ‘carbon capture and storage’ measures (CCS), which some authors view was being overly optimistic. Conversely, other commentators had begun to treat RCP8.5 as the ‘business as usual’ scenario (i.e., what would happen if we do not rapidly change our ways), however, Hausfather and Peters (2020) have questioned this premise. RCP8.5 paints a dystopian future that is fossil-fuel intensive and excludes any meaningful climate mitigation policies, leading to nearly 5°C of warming by the end of the century. The authors argue that for emission pathways to get to RCP8.5 it would require an unprecedented fivefold increase in coal use by the end of the century, whereas in reality it is thought that global coal use may have peaked in 2013.

In preparation for the 6th IPCC Assessment Report (AR6) due to be published in 2021, a Scenario Model Intercomparison Project (ScenarioMIP) was established, with the stated aim to “Facilitate integrated research leading to a better understanding not only of the physical climate system consequences of these scenarios, but also of the climate impact on societies, including considerations of mitigation and adaptation” (see O’Neill et al., 2016). Part of the work of this group has involved agreeing which particular combinations of SSP and RCPs climate modelers should investigate over the next few years. The ScenarioMIP group decided upon four ‘Tier 1’ combinations that should be prioritized going forward and some, but not all, of these coincide with those combinations recommended by van Vuuren and Carter (2014) that were subsequently used as the basis for the CERES scenarios. Combinations chosen by the ScenarioMIP team that were not considered in the CERES project include SSP1-RCP2.6, SSP2-RCP4.5, and SSP3-RCP7 although the overarching narrative developed by ScenarioMIP was broadly comparable in character to that outlined for the four CERES scenarios. These particular combinations were chosen primarily to span a wide range of uncertainty in future forcing pathways rather than to encapsulate plausible futures from a social-economic-political perspective (see O’Neill et al., 2016).

As recent events with the global COVID-19 pandemic effectively illustrate, socio-economic or political change does not occur slowly or steadily over time but, more often, occurs suddenly as a result of surprise events such as economic recession, political upheavals or rapid changes in the natural environment. The approach taken in developing the CERES scenarios (and in most other scenario exercises) suggests that change occurs gradually along a single trajectory. In the CERES scenarios, for example, fuel and fish prices were assumed to increase at a steady rate into the future (see Figure 4), as projected by the MAGNET general equilibrium model. In reality, prices can be incredibly volatile and are buffeted by shocks on both the supply and demand side. Poos et al. (2013) demonstrated that North Sea beam trawl fisheries are incredibly responsive to fuel price. In recent years, increased fuel prices have resulted in the widespread adoption of energy saving technologies including switching to less energy-demanding fishing gears and vessels. By contrast, in 2020 fuel prices plummeted as a result of a disagreements between Russia and OPEC oil producing countries, who argued about the need to cut oil production at a time of limited demand. In the short term at least, this may increase revenues and profits in some parts of the fishing and aquaculture industries.

Similarly, fish prices can also exhibit considerable volatility and are unlikely to follow the smooth trajectory illustrated in Figure 4. Fish prices can increase as a result of scarcity on the market, linked to limited supply (e.g., as a result of poor weather episodes, reduced stock size etc.) but also as a result of increasing demand, linked to changes in consumer tastes or preferences (see Pinnegar et al., 2006a). Conversely, fish prices may decrease if demand subsides, for example during the recent COVID19 outbreak when almost all seafood restaurants in Europe were closed (FAO, 2020). Aquaculture has the effect of increasing the availability of certain fish on the market and thus through the laws of supply and demand, can result in lower seafood prices. Increased cage culture for Atlantic salmon for example, has resulted in a marked decline in salmon prices globally. In Europe, increased farming of seabass and seabream has also resulted in relative price reductions in these species (see Pinnegar et al., 2006a).

Groeneveld et al. (2018) bemoaned the fact that, despite the growing prevalence of scenarios in the fisheries and aquaculture literature over recent years, scientists still need to overcome skepticism and misunderstanding so as to persuade their colleagues that this approach is useful. Scenario development requires a degree of speculation that can prove uncomfortable to many workshop participants and that academics are generally trained to avoid. It takes bravery to propose a scenario that will most certainly not come true. At the beginning of the CERES project, workshop participants found it highly implausible for example, that a more nationalist future could emerge, especially given the high level of political and legislative integration that exists with regard to fisheries in Europe under the auspices of the EU Common Fisheries Policy. Everything changed, however, following a referendum in the United Kingdom on 23 June 2016 and the subsequent departure of the United Kingdom from the European Union and hence the EU Common Fisheries Policy. This decision will have widespread consequences for fisheries management, fishery access rights in relation to territorial boundaries and quota allocation (see Bartelings and Smeets Kristkova, 2018; Phillipson and Symes, 2018; Shepherd and Horwood, 2019). Therefore, the NE scenario suddenly become a major focus for work within CERES and fisheries researchers across Europe. The CERES scenario framework and in particular the narrative of the NE Scenario (RCP 8.5 and SSP3) had to be adapted accordingly (see Hamon et al., under review). These events illustrate that circumstances can change very quickly and underline the fact that where possible, in scenario development we should not be bound by current mind sets/preconceptions. The trajectory that society is taking at present, could change very quickly to reflect new realities and this might be especially true in the post-COVID19 world.
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This research is a critical examination of the behavioral foundations of livelihood pathways over a 50-year time period in a multispecies fishery in Newfoundland and Labrador, Canada. Fishers make difficult decisions to pursue, enjoy, and protect their livelihoods in times of change and uncertainty, and the resultant behaviors shape efforts to advance sustainability through coastal and marine fisheries governance. However, there is limited evidence about fishers’ behavioral changes over long time periods, and the psychosocial experiences that underpin them, beyond what is assumed using neoclassical economic and rational choice framings. Our analysis draws on 26 narrative interviews with fishers who have pursued two or more fish species currently or formerly. Fishers were asked about their behavioral responses to change and uncertainty in coastal fisheries across their entire lifetimes. Their narratives highlighted emotional, perceptual, and values-oriented factors that shaped how fishers coped and adapted to change and uncertainty. The contributions to theory and practice are two-fold. First, findings included variation in patterns of fisher behaviors. Those patterns reflected fishers prioritizing and trading-off material or relational well-being. With policy relevance, prioritizations and trade-offs of forms of well-being led to unexpected outcomes for shifting capacity and capitalization for fishers and in fisheries more broadly. Second, findings identified the influence of emotions as forms of subjective well-being. Further, emotions and perceptions functioned as explanatory factors that shaped well-being priorities and trade-offs, and ultimately, behavioral change. Research findings emphasize the need for scientists, policy-makers, and managers to incorporate psychosocial evidence along with social science about fisher behavior into their models, policy processes, and management approaches. Doing so is likely to support efforts to anticipate impacts from behavioral change on capacity and capitalization in fleets and fisheries, and ultimately, lead to improved governance outcomes.
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INTRODUCTION
Fisheries policy implementation involves anticipating and steering – through models and planning – the benefits and burdens of trade-off and decisions associated with social-ecological change (Blythe et al., 2020). The outcomes of these policy choices, moreover, are linked to international commitments and national objectives aimed at addressing drivers of change related to climate, economic development, and biodiversity loss (Chuenpagdee and Jentoft, 2018; Stephenson et al., 2019; Lam et al., 2020). To improve capacities and outcomes in fisheries and marine governance, new knowledge is needed about how fishers express behavior in response to change and uncertainty in marine environments, coastal communities, and in the context of policy development and implementation (Neilsen et al., 2017; Armitage et al., 2019; Andrews et al., 2020).
In this article, the term ‘fisher behavior’ refers to fishers’ actions both as individuals and as groups reflecting the mental processing and social exchange of information in coastal fisheries through decision-making (see Lynn et al., 2015). Decision-making represents the negotiation of values, emotions, perceptions, and various contextual factors that shape the individual and group capacities to choose and their desires to move to action (Ellis, 2000; Chuenpagdee and Jentoft, 2009). When fishers act in response to policies, the subsequent behaviors reflect policy outcomes that, in turn, provide insight into opportunities to strengthen marine governance (Pitcher and Chuenpagdee, 1993; Salas and Gaertner, 2004). Lessons from understanding and explaining fisher behavior in a local context are critical because, as Fulton et al. (2011): (3) argue in their review, “a consistent outcome [of policy implementation] is that resource users behave in a manner that is often unintended by the designers of the management system.” In short, to anticipate fisheries policy outcomes, scientists and decision-makers need to better understand fisher behavior.
Recent research has advanced a typology of fisher behaviors reflecting a range of tactical and strategic actions (Andrews et al., 2020). Tactical behaviors include actions in marine environments and landing areas such as effort, discarding, and compliance with landing and reporting obligations. Tactical behaviors shape pressures on fish stocks, and provide insights into whether fishers are following rules (Van Putten et al., 2012; Bergseth et al., 2015). Strategic behaviors include actions in coastal communities such as entering and exiting fisheries, investing in or divesting gear or vessels, diversifying household incomes, engaging in individual or collective political action, and out-migration from communities. Strategic behaviors alter the financial and human capital and capacity in fisheries shaped by individuals and group responses in coastal communities to global and local drivers of change (Van Putten et al., 2013; Lade et al., 2015; Van Dijk et al., 2017). Impacts on fish stocks and ecosystems, along with the capacity and capitalization of fishing fleets and in fisheries require differential policy responses. These might include integration of different policy tools, including input and output controls, temporary or permanent closures, or incentives (Lubchenco et al., 2016; Ojea et al., 2017).
To date, two key opportunities exist to improve the evidence base on fisher behavior. First, we need assessments of how fishers express diverse behaviors over long time periods relative to environmental, social, and policy changes and uncertainty. Research about fisher behavior has tended toward empirical studies of fishers behavior with shorter temporal scopes (e.g., <6 years), and these studies are most often about tactical behavior (Andrews et al., 2020). For example, some researchers have examined effort or compliance behavior in years before and after the implementation of a marine protected area (Abbott and Haynie, 2012; Arias et al., 2015). Strategic behavioral research has explored strategies behaviors through methods such as questionnaires on why fish harvesters “stay in or exit” the fishery (Pascoe et al., 2015), or through modeling when and why fish harvesters might invest under different policy interventions (Van Dijk et al., 2017). This kind of research provides useful snapshots into fisher behavioral responses to policies. Yet, the research has limited traction in assessing significant change processes in fisheries such as collapse, restructuring, and rebuilding to which fisher behavior contributes (Beitl, 2014; Khan and Chuenpagdee, 2014; Bieg et al., 2017).
Second, more psychosocial evidence is required to explain behavioral responses to policy changes. Researchers have revealed that psychosocial variables are likely a crucial aspect of understanding the environmental, social, economic, and policy changes that shape behavior, as psychosocial factors are involved in the mental and social decision-making that is fundamental to fishers’ negotiation of change (Bender, 2002; Song et al., 2013). Addressing these gaps is likely to strengthen the evidence-base to explain behavioral change beyond neoclassical economic and rational choice framings (Chuenpagdee and Jentoft, 2009; Fulton et al., 2011).
Research on documenting and explaining is useful for social-ecological assessments of marine systems. Systems research highlights the need for theory and evidence about microlevel change processes (Schlüter et al., 2019). In marine contexts, for example, that literature seeks evidence on fisher behavior as it functions in social and psychosocial contexts in order to build from the bottom up an understanding multi-scalar change (Stojanovic et al., 2016). Research on microlevel change processes also recognizes the important influence of the psychosocial dimension for fisher behavior (Armitage et al., 2012). More recently, research reflecting on the psychosocial dimension within microlevel change processes has turned identify knowledge needs for anticipating change. Using empirical assessments of longer-term behavioral change with the psychosocial explanation can support empirical and simulation models that account for prospective responses to environmental, social, and policy change (Essington et al., 2017).
A prospective shift on fisher behavior in context is likely to reveal opportunities to build robust description, explanations, and models of fisher behavior and lead to durable policies (Fulton et al., 2011; Wijermans et al., 2020). Chief among the benefits of contextual lessons for marine governance is stronger capacity in modeling, planning, and management systems to anticipate and address changes in which fisher behavior is involved (Lade et al., 2015; Ojea et al., 2017; Lindkvist et al., 2020). Pursuing the two opportunities in this article, then, can help marine systems research move from retrospective assessments to prospective modeling of behavior under different contextual scenarios that integrate policy change (Lade et al., 2015; Li et al., 2020).
The purpose of this research is to contribute evidence-based insights about fisher behavior relative to systemic uncertainty and change. Analysis involved examining and explaining fishers’ behavioral changes over a 50-year period in a multispecies fishery in Newfoundland and Labrador, Canada. Northern Newfoundland and Labrador’s fishers have generations-long experiences responding to changes. These experiences include the dramatic impacts to their livelihoods, such as unemployment, outmigration, and closure of schools and communities due to the collapse of the Atlantic cod (Gadus morhua) fishery (Bavington, 2010), and many other rapid changes to access and licensed allocations, or entitlements (e.g., for groundfish, shellfish, forage fish, and marine mammal species) (Ommer and the Coasts Under Stress Research Project Team, 2007). The first objective is to document and compare long-term patterns of fisher behavior by examining their livelihood pathways related to professional fishing from 1965 to 2015. The second objective is to examine behavioral changes by assessing psychosocial explanations of emotions, perceptions, and values, such as well-being. The research results provide evidence-based lessons for coastal and marine fisheries governance that promotes context-sensitivity and alternative ways to assess, address, and anticipate change (Andrews et al., 2020).



LITERATURE REVIEW AND ANALYTICAL FRAMEWORK

Our empirical research draws on livelihoods research (De Haan and Zoomers, 2003; Nayak, 2017), and emotions research (Feldman Barrett, 2017b; Maia and Hauber, 2020). We combine concepts from these literatures to form an analytical framework (Figure 1). Livelihoods research informs how we document patterns of fisher behavior as livelihood pathways, whereas emotions research helps explain fisher behavioral change within those pathways. Drawing from livelihoods research, concepts such as strategizing, coping, and adapting characterize observations of fishers’ decision-making and their resultant actions in relation to change. Further, livelihood research indicates well-being and perceptions of uncertainty as variables needed to observe fishers’ strategizing that precedes their coping or adapting. Emotions research unpacks the cognitive process underlying strategizing. Emotions research indicates that fisheries’ well-being is linked to their emotions and perceptions in a process known as cognition. Cognition is shaped by experiences of uncertainty that, in turn, influences fisher behavior. These two research areas, then, are complementary because they intersect at the psychosocial dimensions of fishers’ livelihood behaviors under perceived conditions of change and uncertainty.
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FIGURE 1. An analytical framework.



Documenting Patterns of Behavior With Livelihoods Research

Livelihoods research is a multi-strand literature that examines livelihoods’ diversity as well as the institutions and contexts that shape and are shaped by different livelihoods (Nayak, 2017). Livelihoods are patterns of strategies, behaviors, and experiences by individuals, households, or groups to meet their economic and non-economic goals (Bebbington, 1999; De Haan and Zoomers, 2005). Livelihoods research is used to provide guidance and concepts related to how livelihoods emerge as behavior patterns, also known as ‘livelihood pathways’ (De Haan and Zoomers, 2003, 2005). Livelihood pathways are a useful concept because they help analyze how fishers navigate and express different livelihoods over their lifetimes in response to environmental, social, and governance changes. De Haan and Zoomers (2005): 44) argue that livelihood pathways represent “historical routes” that enable a long term, systematic comparison of “actors’ decisions in different geographical, socio-economic, cultural, or temporal contexts” (De Haan and Zoomers, 2005: 44). To build new evidence about fishers’ behavioral change as livelihood pathways, our research draws concepts from three livelihoods literature strands: sustainable livelihoods (Allison and Horemans, 2006), resilience (Marschke and Berkes, 2006), and well-being (Weeratunge et al., 2014).

The sustainable livelihoods strand focuses on three concepts—strategizing, adapting, coping—that characterize how individuals and groups move from decision-making to behavior change. Livelihood strategies comprise decisions that precede behavior. Strategizing refers to individuals, household, and groups beyond the household negotiating hardships and deciding to direct, alter or redistribute the intensity, direction, and focus of their efforts and resources (De Haan and Zoomers, 2003, 2005). Strategizing occurs in a social context and is informed by interactions, knowledge, and norms within households, fisheries, and communities (De Haan and Zoomers, 2003, 2005; Maharjan(ed.), 2014). For example, strategizing may include fishers discussing changes to quotas with family or crew, and prioritizing how to respond based on collective experiences and access to resources. Adapting is a behavioral response that redirects human and financial resources toward different economic and non-economic opportunities (Ellis, 2000). Redirecting resources constitutes an observable long-term behavioral change (Smit and Wandel, 2006). As such, adapting is distinct from coping. Coping is a short-term term behavioral response that involves the use of existing resources to pursue, enjoy, or protect the same opportunities (Møller et al., 2019). For example, expanding fishing effort using current resources within a fishing season can be considered as coping, whereas investing in a vessel to catch a different species or leaving a fishery can be considered adapting.

The well-being strand indicates opportunities to understand livelihoods’ patterns by focusing on various forms of material, relational, and subjective well-being as the values discussed in strategizing and pursued through behavior (White, 2008; e.g., Britton and Coulthard, 2013). Forms of well-being are psychosocial reference points for assessing behavioral change that provide insight into the different ways that fishers “act meaningfully” to enjoy “a satisfactory quality of life” (Brueckner-Irwin et al., 2019: (1). Empirical research can leverage well-being as an important starting point for assessing fishers’ professional goal orientation that informs their behavior (Andrews et al., 2020). As human values, forms of well-being are important to understand goals for adapting and coping behaviors that shape patterns in livelihood pathways. But, to explain behavioral change, this indicates other psychosocial factors are involved in behavior, particularly under conditions of uncertainty (Coulthard, 2012; Béné et al., 2019). For instance, fishers may prioritize different forms of well-being, and experience in households, communities and sectors different environmental, economic, social, political, and governance drivers of change (Béné and Tewfik, 2001; Coulthard et al., 2011). To advance, livelihood behavioral research, though, the well-being strand indicates that more interdisciplinary research is needed on other psychosocial factors in a local context (Weeratunge et al., 2014).

The uncertainty strand highlights that when fishers experience uncertainty, their coping and adapting behavior is dynamic, experimental, and therefore may or may not lead to results initially imagined and desired in individual and household strategies (Marschke and Berkes, 2006; Coulthard, 2012). According to this literature, uncertainty is a constant and problematic condition of fisheries shaped by multi-level environmental, social, economic, political, and governance factors, all of which can challenge the predictability of adapting and coping (Nayak, 2017). Resources users negotiate and interpret uncertainty when strategizing as they weigh personal and professional insecurities and opportunities associated with not knowing how change is likely to affect their livelihoods (Sagnybekova, 2017). This form of perceived uncertainty, then, can cause all sorts of delays and detours in how and why fishers cope and adapt in relation to change (Smit and Wandel, 2006; Nayak, 2017). For example, despite inclinations to act, fishers may fail to do so depending on the extent of anticipated risk or impact of change (Béné et al., 2019). The resultant behavior (or lack thereof) shapes outcomes at household and community levels (Marschke and Berkes, 2006), and therefore contributes to processes of change and environmental, economic, social, political, and governance outcomes at multiple scales (Nayak, 2017). Like the well-being strand, the uncertainty strand suggests greater insight is needed into other psychosocial factors to document behavioral change in relation to perceived uncertainty. The next section discusses concepts and evidence from emotions research to more deeply understand the psychosocial dimension of fisher behavior, including factors in cognition that help explain fisher behavioral change in relation to perceived uncertainty.



Explaining Fisher Behavior Using Emotions Research

Emotions research is an interdisciplinary field that provides evidence, theory, and policy recommendations about emotions’ central influence on individual and group decision-making and behavior, social life, and policy development (Feldman Barrett, 2017b; Wolfe, 2017; Maia and Hauber, 2020). Emotions are socially constructed representations of affect, where affect refers to the neurological and chemical appraisals of new information (Panksepp, 2008; Feldman Barrett, 2017b). People interpret their emotions and others’ emotional expressions. They discuss these interpretations in people’s everyday lives, and those interpretations influence behavior (Franks, 2010). That research draws on evidence within and beyond fisheries about how the brain and mind function to produce emotions, and the roles of emotion expression and interpretation through social, cultural, economic, and political behavior (Wolfe, 2017; Peltola et al., 2018; Maia and Hauber, 2020), including behavior expressed by fishers (Crivelli et al., 2016). The emotions research reported on below provides two contributions to understanding the psychosocial dimension of fishers’ livelihood behaviors. First, emotions research can help explain behavioral changes within livelihood pathways by combining psychosocial factors that are linked through cognition: emotions, perceptions, and values such as well-being. Second, emotions research enriches an understanding of the influence of psychosocial factors in cognition on fisher behavior under conditions of perceived uncertainty.

The first contribution of emotions research is to reveal linkages between emotions are linked with other psychosocial factors that influence fisher behavior, such as perceptions and values. The social construction of emotions, then, involves the expression and interpretation of emotions through language, vocal patterns, and gestures based on perceptions, values and experiences of affect (Franks, 2010; Feldman Barrett, 2017a). The production and interpretation of emotions are inseparable from perceptions, values, and their social context because they are based in a process known as cognition. Cognition involves affect, memory, perceptions, and values that function together to acquire, store, organize, recall, and appraise sensory information that leads to behavioral change (Bechara, 2004; Cohen, 2005). In cognition, affect functions to appraise perceived stimuli as negative or positive, a property of described by the notion ‘valence’ (Shuman et al., 2013). Appraisal is driven by goals, in this case forms of well-being, that are reference points for categorizing valence (Franks, 2010). Our experience of emotions is experienced as simultaneous to appraisal (Feldman Barrett, 2017a). If individuals appraise new stimuli as being negative and experience it intensely, they might attribute, recognize, and express this affective experience with emotional terms such as anger or fear. Expressions of anger or fear are recognizable to other people because they relate that anger and fear to their own experiences (LeDoux, 2012, 2013).

Given the importance of affect and emotions in cognition, emotions research cautions against theoretical models for behavior based in neoclassical economic and rational choice framings for behavior. Rational choice theory, for example, refers to a series of assumptions that individual behavior reflects a pursuit to maximize utilities (Kahneman, 2003), often assumed to be material and economically based such as goods and profit (Zafirovski, 1998). The decision-maker is presumed to have access to all necessary information to make optimal decisions by drawing on an infinite cognitive capacity to choose optimal bundles of rewards (Simon, 1990). Moreover, decision-making is presumed to be conducted through a dispassionate decision-making process (Loewenstein and Lerner, 2003). Emotions research indicates that emotions and affect influence individual and group behavior in ways that discount and make implausible the dispassionate decision-making engendered in economic and rational choice assumptions (Bechara, 2004; Cohen, 2005).

Evidence from emotions research indicates that moving beyond economic and rational choice into more psychosocially informed frames for cognition and behavior can help fisheries scientists and policy makers better understand and anticipate behavioral responses and expectations related to social, environmental and policy changes (Chuenpagdee and Jentoft, 2009; Andrews et al., 2020; Nightingale, 2013). For example, in a study on Tongan fisheries, perceptions, values and emotions shaped fishers’ patterns of effort and collective action (Bender, 2002). Tongan fishers perceived fish as autonomous actors, and this perception was shaped by values that promoted spirituality in everyday activities such as fishing. However, fishers’ perceptions led to a low sense of responsibility over exploitation. Fishers believed that fish stocks declined because fish chose to swim away. Those perceptions interacted with feelings of sadness and readiness to help one another out when fish left. These emotions promoted cooperation and coordination during stock declines. They also led to limited support among Tongan fishers for policies that excluded access to fish stocks, as those policies were seen as addressing a problem that did not exist (fish went away on their own) and were likely to disrupt patterns of cooperation and coordination. Examples like this highlight opportunities for an understanding of emotions in combination with perceptions and well-being (see Béné et al., 2019) to better understand the psychosocial dimension for fisheries policy implementation (Nightingale, 2013).

The second contribution includes evidence about the heightened role of emotions in individual and group strategizing shaped by perceived uncertainty. Through strategizing, individuals draw on their memories to assess the familiarity of an experience and use those memories to categorize both the intensity and valence of the experience (Shuman et al., 2013). In group strategizing these affective experiences are shared as emotions (Thagard, 2006). Individual and shared affective appraisals shape perceptions of new information in relation to goals that emotions researchers characterize as human values such as living well, making money, building relationships, or making sound decisions (Franks, 2010; Van Kleef, 2016). However, under conditions of perceived uncertainty, the experiences of affect are heightened, and overall cognition is less reliable (Etzioni, 1988; Feldman Barrett et al., 2007). In other words, as individuals or groups, the power of emotions is heightened without commensurate increases in the reliability of perceptions, and this leads to potentially unpredictable behavior (Thagard, 2006).

Emotions under perceived uncertainty can, then, diverse and potentially counter intuitive patterns behavioral responses to social and environmental change (Carmi et al., 2015). Heightened affective experiences and perceived uncertainty lead to more intensely experienced and shared emotions (Cohen, 2005). Group negotiation of emotions creates a feedback that can intensify individuals’ emotional experiences within groups in ways that can strengthen or entrench individuals’ perspectives and therefore reinforce behavioral patterns (Van Kleef, 2016). Alternatively, groups can reprioritize their values which can lead to behavoiural change (Van Kleef, 2016). Diverse patterns of fisher behavior, then, may emerge as some groups change their behavior based on negotiation of emotions and perceived uncertainty and other groups do not.

For example, in a study on Scottish inshore fisheries, Nightingale (2013) documented fishers strategizing as a group about their fear related to bad weather. She also documented that fishers experienced excitement and elatedness when negotiating bad weather. This research identified two behavioral responses, including staying on the water or traveling back to the home port, and this was informed by positive or negative emotions. Using findings like this, Nightingale (2013) argued that incorporating the psychosocial dimension in relation to patterns of behavioral change can strengthen marine governance. She concluded that fisheries policies are likely more effective when developed and implemented with consideration of diverse behavioral responses, and in order to do that, insights on psychosocial factors like emotions, perceptions, and values are required. More can be studied about these relationships. Little is known about patterns fisher behavior change that exist over time, and what new lessons for coastal and marine fisheries governance can be gleaned from that kind of investigation. Returning to this study’s objectives, then, opportunities exist to leverage concepts in livelihoods research to document livelihood pathways overtime, and to explain patterns of behavioral change in those pathways by drawing on emotions, perceptions, and values in the context of perceived uncertainty. Next, we describe the setting and methodological approach with which we document inshore fishers’ livelihood pathways, and use emotions research to assess changes in their adapting behaviors.




STUDY SETTING

This research took place in small villages and towns along the coast of the Great Northern Peninsula, Newfoundland and Labrador. The Great Northern Peninsula is 270 km long and its northern half—a low-lying coastal area—is surrounded by key fishing grounds in the Gulf of St. Lawrence to its west, the Strait of Belle Isle on its north, and the Labrador Sea and White Bay on its East (Figure 2). Currently, the peninsula includes 69 distinct villages and towns (hereafter communities), with populations ranging from 50 people on the peninsula’s western and eastern coasts to 2250 in St. Anthony on the northern tip.
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FIGURE 2. Map of Newfoundland and Labrador, Canada, with Great Northern Peninsula highlighted in black box and three examples of communities included in the research—Port au Choix, Green Island Brook, and St. Anthony—highlighted with black dots.


Commercial fishing is the primary industry in the St. Anthony-Port-au-Choix region followed by tourism, forestry, and oil and gas development and exploration. Typically, fishers belong to inshore (vessels 14’ to 64’) and offshore fleets (vessels 190’ to 290’)1. This research investigates behaviors related to the inshore fisheries. The inshore fishing fleets operate within an 80 km range of the coastline, and land their catches in local harbors (McCracken and MacDonald, 1976; Sumaila et al., 2001). Landings are then processed by family members and other residents working in local processing plants, if a plant exists in that area (Ommer and the Coasts Under Stress Research Project Team, 2007).

Since the 1970s, the inshore fishers have lived through and responded to a number of linked environmental, social, and policy changes (Khan and Chuenpagdee, 2014). These have included extensive and cascading changes and more continuous changes (see Schlüter et al., 2019). The most notable extensive change is the commercial and near biological collapse of North Atlantic cod [Gadus morhua] fisher in 1992. To respond to the collapse, the Canadian federal government and its Fisheries and Oceans (DFO) ministry instituted a multi-year moratorium on commercial cod fishing initially intended to last two years. However, the cod fishery remains closed except for sentinel (scientific) fleets and commercial fleets with small allocations (Bavington, 2010). The same year, the commercial salmon fishery was also closed. Fishers who remained in the cod fishery were provided with retraining programs in the province’s capital, St. John’s, and some were allotted temporary permits to harvest northern shrimp (Pandulas borealis)2. Others remained with allocations for shellfish, forage fish, and marine mammals such as seals.

In the modern history of fishing in Newfoundland and Labrador, the cod collapse and subsequent restructuring is a reference point to understand continuous changes to which fishers respond.

Before the cod collapse, strategic behaviors like entry, investment, and effort were driven by informal training traditions (e.g., youth participation and mentorship) and the availability of new technology. In the 1970’s, examples include the adoption of the Japanese cod trap, longliners, and gillnets that increased capacity (Ommer, 2002). Cultural and technological change was set on a backdrop of economic changes. These included the implementation of the Exclusive Economic Zone and subsequent single species regulation in 1977 that increased local entry, competition and extensified effort. Further, provincially led economic development disrupted including interrupting informal economies and subsistence practices by attempts to develop new sectors including industrial logging (Ommer, 2002).

In the 1980s, the size of cod and volume of catches started to decline with uncertain but concerning implications felt by fishers and communities (Rose, 2003). Further, the industry suffered a financial collapse that stimulated increased borrowing with adverse implications to fishers and households. Many fishers suspected and called for government intervention yet were surprised by the extent of intervention (Mather, 2013). After the moratorium the shellfish industry grew with peak stocks and allocations for northern Newfoundland fishers in the mid 2000s (Khan and Chuenpagdee, 2014). Since the early 2010s, however, ocean warming has created new uncertainties. Particularly, this includes precipitous decreases in shellfish populations and allocations that are only stabilized by high market values, and the potential for a shellfish collapse and rebound of groundfish potentially requiring another restructuring of the inshore fishing industry (Rowe and Rose, 2017).

The inshore fishery is primarily governed by DFO which coordinates with a labor union, Fish and Food Allied Workers (FFAW-Unifor) that represents fishers and processors, and with international partners such as the Northwest Atlantic Fisheries Organization. Governance for the inshore fishery is guided by economic, ecological, cultural and institutional objectives articulated in Canada’s Fisheries Act (1985), Ocean’s Act (1997), and Species at Risk Act (2002). Canada’s Fisheries Act’s regulations and Canada’s licensing policies further elaborate how fishers can enter, pass down or sell their enterprises, and exit the fishery.

Overtime, fisher behaviors in NL have been shaped by an evolving policy regime marked by three changes (Ommer, 2002; Rose, 2003; Khan and Chuenpagdee, 2014). First, limited entry license system began in 1981 creating individualized market that prevented fishers from pursuing multiple species with corresponding licenses, and later encouraged new investment. Second, after the cod collapse, rationalization shaped increased emphasis on buyback, retraining, and professionalization that, in turn, shaped entry, exiting, investment, and diversification behaviors. For example, after 1996, fishers discussed entry in terms of two regulatory categories (core v. non-core) introduced in that year with reference to a certification program with graduated entry (Apprentice, Level 1, and Level 2) introduced in 1997. Third, policies were introduced to protect the inshore fishery. Most notably, the promotion of the inshore fishery was incorporated into The Policy for Preserving the Independence of the Inshore Fleet in Canada’s Atlantic (2007), which restricts vessel size, ensures individual ownership of fishing enterprises, and prevents the integration of enterprises with the processing sector. The owner-operator policy is now formally recognized in Canada’s revised Fisheries Act (2019) and policy goals that refer to ‘fleet separation’ and ‘promotion of the independence of license holders.’ In addition to professionalization, policy changes are brought to bear in DFO decision-making that has been marked by dramatic annual shifts for the inshore fishery including annual spatio-temporal access decisions, output controls such as Total Allowable Catch limits and individualized quotas, and input controls such as fleet and gear restrictions for the inshore. This process is marked by perceived uncertainty. Year to year, fishers do not know what their access and allocation will be for the spring, and they do not know what their income will be until the fall when their catch is sold.



MATERIALS AND METHODS

This research follows a qualitative case study approach using three iterative phases: scoping, data collection, and analysis. First, scoping was conducted with five fisheries scientists who conduct research in the study area and meetings with 15 community mayors to identify (1) key issues faced by inshore fishers and (2) receive guidance for recruiting and interviewing fishers.

Second, data collection began with participant recruitment using a snowball sampling strategy (Noy, 2008), starting with referrals from mayors, and then subsequent referrals from inshore fisher participants. Recruitment included phone calls, visiting harbors, local coffee shops and participants’ houses to introduce the research. Participants making a snowball referral were asked to contact the new potential participant to let them know that they would be approached for an interview, so as not to place undue pressure on the participant. Throughout the recruitment process, participants were ensured that their participation was voluntary and confidential.

Research participants included fishers who pursued two or more fish species currently or formerly in coastal waters off the northern tip of the Great Northern Peninsula (n = 26) (Table 1). Those participants were interviewed using a narrative approach (see Supplementary Material 1). Narrative interviewing elicits participants’ stories about how they viewed and responded to events in their life (Jovchelvitch and Bauer, 2000). Narrative interviews are contextual and often cover broad time scales and topics (Junqueira Muylaert et al., 2014). Narrative interviews are therefore distinct from semi-structured interviews that tend to focus on specific topics which may or may not be situated in their context (Jovchelvitch and Bauer, 2000).


TABLE 1. Research participant overview at the time of interview.

[image: Table showing sample characteristics. Age: 41 to 88, average 56. Gender: 21 men, 5 women. Interviews: 17 individual, 4 household pairs. Years fishing: 6 to 68, average 34. Employment: 24 active, 2 retired. Role: 23 owner-operators, 3 crew.]
Third, data were analyzed using a content analysis technique that guided assessment of individual or household fisher narrative themes, and then allowed comparison of themes across those varied livelihood pathways. Content analysis refers to the systematization of interview content by coding themes, and the relationships among those themes, all while reflecting, journaling, and diagramming those relationships iteratively (Clandinin, 2006). Content analysis’ balance between systematic coding and iterative reflection was appropriate for analyzing and interpreting the meaningful stories included in narrative interview data (Clandinin, 2006).

The content analysis was conducted using by-participant, narrative comparison, and thematic comparison. For by-participant analysis (e.g., Murray et al., 2006), data were segmented into single narratives for each fisher to provide individual chronology of behavioral events. Coding assessed behavioral events and their explanations in each narrative. Second, narratives were compared as units of analyzes, reflecting a narrative analysis (Lal et al., 2012). Comparing groups of narratives was conducted based on their convergence and incongruence on codes from single-participant analysis. In this research, patterns of behavior were apparent in relation to different types of well-being and substantiated groupings of livelihood pathways. Thematic analysis was used to examine adapting behavioral explanations with particular attention to self-reported psychosocial variables in the dataset. Insufficient data existed to assess explanations for coping behavioral change (see Supplementary Material 1). Codes were re-applied to the entire dataset and assessing congruence and incongruence among codes about psychosocial variables.

Variables, operational definitions, and example codes are included in Figure 3. Latent variables, such as implicit emotions demonstrated through voice or facial expressions were not assessed. Interview data were analyzed using QSR International’s NVivo 12, a qualitative analytical software and codes, reflections and diagrams were created and housed in Microsoft Excel (2012). This research was approved by The University of Waterloo Office of Research Ethics (ORE) (ORE# 22704) on January 31, 2018.


[image: Flowchart illustrating the relationship between perceptions of uncertainty and change, well-being, emotions, behavior adaptations, and fisheries outcomes. It includes definitions and examples of material, relational, and subjective well-being as well as emotional valence. It details adapting and coping behaviors. Connections show how these elements impact individual and fisheries outcomes.]

FIGURE 3. Variables, operational definitions, and example codes (dashed arrows reflect conceptual relationships from emotions research and solid arrows reflect contributions livelihood research).




RESULTS

Our results addressed two objectives: (1) document and compare inshore fishers’ (IFs) behavioral responses to change and uncertainty as livelihood pathways, and (2) examine explanations of behavioral change by assessing the influence of emotions, perceptions, and well-being. The results below are organized into two sections. First, an analysis of IFs livelihood pathways that were grouped according to economic and relational well-being (i.e., narrative comparison) with stories and examples (i.e., by-participant analysis). Second, results included descriptions of emotions as forms of subjective well-being related to both coping and adapting behavior. Then, results include the roles for combinations of emotions, perceptions, and forms of well-being that contributed to explanations of adapting behavior changes and avoidance of behavioral change.


Documenting Fisher Behavior as Livelihood Pathways

Livelihood pathways refers to patterns of behavioral change that manifest across time (De Haan and Zoomers, 2003, 2005). Five adapting and seven coping behaviors were recorded from the livelihood pathways analysis (Table 2).


TABLE 2. Adapting and coping behaviors recorded in the results.

[image: A table lists adapting and coping behaviors in fisheries. Adapting behaviors include entering the fishery full-time, investing in licenses or boats, exiting the fishery, temporary outmigration, and benefiting from governmental programs. Coping behaviors include intensifying and extensifying fishing efforts, choosing difficult species, non-compliance with rules, making minor investments, diversifying work outside the fishery, collecting insurance, and participating in collective actions.]
In some instances, adapting and coping were inter-related in that coping delayed adapting, and adapting created new coping opportunities (Smit and Wandel, 2006). For example, 21 IFs indicate that claiming employment insurance or considering claiming old age pensions were notable coping behaviors because they delayed adapting behaviors.3 During fishery downturns – i.e., weakened fish stocks, lower quotas, or low prices for catches – collecting employment insurance, referred to as “stamps” (12 IFs), or waiting until eligibility to claim old age pension (9 IFs) caused some fishers to, as described by IF1 “wait it out.” IFs reported that strategizing for adapting behaviors largely took place in the household, whereas coping behaviors were decided on vessels, in landing areas, and in other aggregating sites, such as coffee shops.

A comparison of IFs’ individual livelihood pathways revealed patterns in types, frequency, and forms of well-being associated with adapting and coping behaviors. Patterns were recorded as categories of livelihood pathways characterized by the well-being form most often associated with adapting and coping behaviors—a material well-being pathway (11 IFs) and relational well-being pathway (13 IFs). IFs were categorized according to material or relational well-being pathways when those IFs expressed most adapting and coping behaviors in relation to material or relational well-being. Those patterns reflected a prioritization of that form of well-being. However, several IFs expressed behaviors related to a different form of well-being reflecting a trade-off of values at critical times in their lives and in the fishery, such as when they entered and exited during downturns in the fishery (e.g., during closures, lower quotas, or low values for landings). Some coping behaviors, such as intensifying and extensifying effort, claiming employment insurance, and making annual minor investments were attributed to both material and relational well-being pathways. Adapting behaviors were attributed to subjective well-being, but no IF expressed their behavior systemically for subjective well-being. Rather, IFs discussed one or two instances when they expressed adaptive behaviors for subjective well-being (see subsection 5.2.1). Two IFs did not indicate enough information about behavior and its goals for categorization into a material or relational pathway.



The Material Well-Being Pathway Group

The material well-being livelihoods pathway group involved IFs’ livelihoods characterized by adapting and coping behaviors driven by catching more and higher value fish stocks, and earning higher profits every year (Figure 4).


[image: Flowchart depicting pathways to material well-being, divided into adapting and coping behaviors. Adapting behaviors include actions like becoming an owner, making major investments, and taking governmental programs. Coping behaviors involve strategies such as spending more time on water, regular effort intensification, and minor investments. Each behavior points to a central node labeled "Material well-being pathway (11 IFs)". Factors are quantified by "IFs" (impact factors).]

FIGURE 4. The material well-being pathway group.


Six IFs discussed material well-being as the only value informing their behaviors in the fishery. The other five IFs indicated material well-being was only a priority and indicated that one or two adapting behaviors in fishery were informed by relational or subjective well-being. Common to the material well-being pathway were adapting behaviors expressed to increase individual capacity: entering fulltime within five years and making (or trying to make) major investments in the enterprise every three to five years. Moreover, each season IFs expressed coping behaviors to maintain or increase catches through intensifying and extensifying effort. Also common were actions taken against DFO and FFAW resources including phoning representatives regularly or even participating in legal actions and protests. Seven of the 11 IFs discussed how their behavior led to growth of their enterprise in expected ways. For example, four of those IFs ended up upgrading out of the inshore fishery harvesting groundfish and forage fish, and into the midshore fishery exclusively for northern shrimp (Pandalus borealis) and snow crab (Chionoecetes opilio). One of those five IFs remained inshore harvesting groundfish and forage fish, and “felt good” that he was able to buy two enterprises after years of “living paycheck to paycheck” for several years after the cod moratorium (IF2). Two IFs discussed how they exited the fishery by selling their enterprises through a buy-back program. Five of the 11 IFs indicated their behaviors were often ill-timed and resulted in suboptimal personal outcomes. They remained in the inshore fishery despite considerable financial and health-related challenges. Next, results include some examples from a by-participant analysis that are indicate how the ‘material well-being’ pathway group manifests over time.

The stories of two brothers (IF2 and IF3) are indicative of the material well-pathway group. IF2 and IF3 invested considerably in the northern shrimp fishery and ended up upgrading out of the inshore fishery between the mid-1980s and mid-2000s for the purpose of catching more fish and earning higher incomes (stories indented for emphasis):

	IF2 and IF3 were both born in the 1960s. They grew up and lived all their life in the same fishing community. They both entered together as part time harvesters in the 1970s to fish with their father, who was harvesting fulltime. With the onset of licensing for fisheries, they quickly moved to fulltime fishers owning separate enterprises. In the late 1980’s, they fished through the moratorium because they had switched to shrimp when DFO tried an “experiment to open up the shrimp” fishery (IF2) and they fished “smaller and fewer cod” and “more gillnets” (IF3). In 1990, they invested in a new enterprise (i.e., 64’ boat and license for shrimp) along with investing in new gear (i.e., moving from gillnets to otter trawls). In the late 1990s, they noticed a considerable return on their investment into the shrimp fishery, although they kept harvesting scallop to offset periodic “bad years” with shrimp (IF3). In the early 2010s, they discussed buying another enterprise, but as IF3 indicated, they “couldn’t see any vision for it.” Moreover, IF2 argued the regulations and quotas changed to make fishing less financially viable. However, both IF2 and IF3 indicated they will fish until they are no longer able. IF2 said, he will “fish till he gets sick.” When that happens, both IFs state they will use a regulatory process to “let their sons take it over” and take a small cut from their income, which they admit would be a “small fraction of the value” for the enterprise (IF2).

IF2 and IF3 made, as both described, “good decisions in the fishery.” To them, good decisions resulted from decades of strategizing about changes in fish stock status of cod and northern shrimp. They invested in new opportunities to take advantage of an experimental governmental program, and chose not to invest when they thought the declining economic viability of the northern shrimp fishery was going to persist. By describing their ‘good decisions’ in relation to expected financial returns, the stories of IF2 and IF3 demonstrated a prioritization of material well-being. Outcomes from prioritizing material well-being included shifting their capacity and capital to fisheries to the midshore fishery by moving partially to the shrimp fishery in the late 1980s, and giving up fishing ‘inshore’ species like scallop in 2006. However, their decisions to ‘fish till they get sick’ despite declining shrimp stocks, and to transfer their enterprises to their sons for low financial returns represented trade-offs of material well-being associated with expected financial returns with relational well-being associated with promoting the goals of family members.

Not all IFs in this pathway group experienced positive or expected outcomes. For example, IF5, IF6, and IF7 remained in the fishery despite considerable hardships. They made several attempts to upgrade, but were unsuccessful. In the meantime, IF6 explained how they made attempts within fishing seasons to increase catches by increasing hours on the water fishing scallops, a very difficult stock to fish in a small boat. During this time, IF5 even lost a finger while fishing, and IF6 and IF7 discussed how their mental health rapidly deteriorated because as IF6 indicated, they felt “helpless.” IF7 stated that they just fish now “for stamps,” i.e., to qualify for employment insurance.



The Relational Well-Being Pathway Group

The relational well-being livelihoods pathway group involved 13 IFs’ livelihoods characterized by behaviors informed by maintaining relationships with families (within and outside of households) and friends and neighbors in local communities (Figure 5).
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FIGURE 5. The relational well-being pathway group.


For example, relational well-being was expressed by choosing fishing as the main source of income despite downturns because it was an opportunity to spend time with family (7 IFs). Additionally, IFs discussed fishing as important for the survival of families and of local ‘culture’ in communities (6 IFs). Common to the relational well-pathway group were slow attempts at becoming a full-time fisher. A slow attempt reflected completing school or work before certification programs were introduced or taking time to navigate requirements of certification while working in other sectors. Also common were dynamic exiting and entering the fishery to seek work elsewhere to enable living in fishing communities longer term. Rapid exit and re-entry, along with diversifying incomes outside of Newfoundland and Labrador reflected a dynamic quality not found in the material well-being pathway.

Inshore fishers in the relational well-being pathway group often made one or two major investments to enter or upgrade, and most had, at one time, built their own vessel. As such, investment behavior was more sporadic than in the material well-being pathway. Rather, IFs in the relational pathway relied on a diverse suite of coping behaviors to sustain themselves financially: 11 IFs discussed in terms of making a modest living, expressed by phrases like “getting enough to get by” (IF8) or “just to make little living” (IF9). Some IFs indicated that a modest living was around 25,000 to 50,000 Canadian dollars annually.

The story of IF8 demonstrates the dynamic nature of adapting and coping behaviors reflected in the relational well-being pathway group. IF8 exited the fishery temporarily during the cod moratorium, and then re-entered and diversified income sources:

	IF8 entered the fishery as a teenager working in summers with his father while he finished high school before the cod moratorium before professionalization. After the moratorium, he diversified his income by working in the oil and gas sector in Alberta in the winter, and harvesting groundfish and scallops in the summer. During this time, he would save his money to use for investment in gear upgrades performed before the fishing season opened. In the early 2000s, he exited the fishery completely and spent four years working exclusively in Alberta. During this time, he saved enough to purchase a larger inshore vessel (64’11”) and licenses to harvest scallop and lobster knowing that scallop fishing was hard work and that catch rates and values for lobster, at that time, were low. He remarked that “it was good after the first paycheck, but then it was all down hill.” He returned because he felt that “his mind was always back [in Newfoundland]” with his family. To supplement his income, he began building and selling new gear and is starting to build a tourism operation.

This story illustrates a common adapting response to the cod moratorium: exiting the fishery to work outside of Newfoundland and Labrador (Bavington, 2010). Less common, however, was IF8’s return after several years to re-enter and invest considerably in a fishery. IF8 believed entering into the scallop and lobster fisheries was difficult work and might not provide a financial return on his investment. His comment that his “mind was back” in Newfoundland with his family demonstrates relational well-being, and a willingness to potentially trade-off material well-being (or take financial risks) to be with his family.

Twelve of the 13 IFs remained in the inshore fishery and were planning to fish while their health permitted (one IF retired). When their health declined, three IFs indicated they were going to sell their enterprise to retire, and 9 IFs stated that they were going to sell to their children. Three of those 13 IFs discussed how they were waiting for old age pension. At the time interviews were conducted, nine of 13 IFs remained in the inshore fishery with smaller enterprises (i.e., 28’ and under and several groundfish and forage fish licenses). Four of 13 IFs remained or retired with larger enterprises and mixed licenses for groundfish and shellfish. The larger-scale IFs indicated that they were successful because of keeping costs low by building their own vessels and conducting their own repairs. However, the IFs that remained at a smaller capacity discussed how they made financial sacrifices staying with family or fishing with friends and family in their community. These IFs experienced considerable hardships brought on by decreasing allocations or fish stocks. IF9 discussed this “death by a thousand cuts” to his livelihoods. IF10 indicated that he “had nothing to catch.” Yet, IF10 still planned to fish with his three sons despite the financial hardship:

	We did not have much money to throw at our boat. We had to get along with what we had. Lots of times we were thinking to get out of it, but I got three boys [with whom he fishes] and they didn’t seem to want to do [exit] yet and I didn’t force em and I am glad I didn’t because to have them there with you, I mean there is nothing any better. I’m proud. I’m blessed with that part of it I guess.

IF10’s comment indicates a trade-off of material well-being for relational well-being pathway. That trade-off resulted from difficult discussions about staying in his community with limited resources. This quotation also hints at the role of subjective well-being with his comment on “there is nothing any better” and the function of emotions related to ‘feeling proud.’ In the next section, results include discussions the role of emotions as subjective well-being, and as factors that shaped behavioral change because of the presence of emotions in strategizing related to values and uncertainty.



Explaining Fisher Behavior and Strategizing Using Emotions Research

Emotions are socially constructed representations of affect that are linked, through cognition, to a person’s perceptions and values (Feldman Barrett, 2017b). Our results indicated a range of positive and negative emotions that IFs associated with specific behaviors (Table 3).


TABLE 3. Recorded behaviors, the emotional valence, and specific emotions associated with behavior.
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An emotions analysis in relation to behavior revealed two different functions important for understanding strategizing and behavioral changes in livelihood pathways. First, emotions served as goals for behavior, which were recorded as attempts to advance subjective well-being. Second, perceptions, emotional valence, and self-reported emotions informed strategizing that influenced adapting behavior changes or avoiding behavioral change.

Next, we turn the first function of emotions as forms of well-being goals.


Emotions as Subjective Well-Being Goals

Across both IFs’ livelihood pathway groups, we recorded instances when some livelihood behaviors were expressed to advance subjective well-being reflecting a positive emotional experience or avoiding a negative emotional experience (Figure 6).
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FIGURE 6. Emotions as subjective well-being goals for adapting behavior.


Positive emotions included pride, relief, hope, love, and excitement, whereas negative emotions included frustration, hate, anger, discomfort, and fear. For instance, IFs discussed how emotional experiences were a goal for entering or re-entering the fishery, making major investments in vessels and new licenses, and participating in political action, individually or collectively, such as protesting or suing the FFAW. Moreover, subjective well-being informed strategies to avoid certain behaviors and promote other forms of well-being. Responding to decreased shellfish allocations, Six IFs recounted how they discouraged their children from entering the inshore fishery because of their anger or frustration with fishery downturns and because they wanted their children to have better economic opportunities. IF12 indicated he wanted his children to have a “better go of it.”

Across the livelihood pathway groups, emotions as subjective well-being goals functioned situationally and sporadically. Fishery economic changes in Newfoundland informed adapting behaviors related to entry and investment taken to advance subjective well-being. For example, four IFs were able to re-enter when a new vessel became available or when fish stocks for which they were licensed were, as IF17 indicated “doing well.” Moreover, economic downturns, new fisheries policy announcements, and social opportunities shaped coping behaviors such as political action. For example, three IFs indicated that they protested when DFO announced significant decreases to shrimp or crab quotas and were mobilized by community leaders, whereas two others participating in legal action when they were approached by community leaders with the opportunity. In some cases, emotions as forms of subjective well-being emerged when IFs traded-off relational or material well-being. The brief story from IF18’s livelihood pathway highlights how a trade-off of material well-being for subjective well-being emerged over time and was informed by his financial situation and the economic viability of lobster fishing in the late 1990s and throughout the 2000s:

	In the mid 2010s, IF18 sold his enterprise for over a million dollars. He indicated he had over a decade of success in the lobster fishery due to high prices for lobster and some good years when catch rates and quotas were high. High prices and good years helped him stay out of debt and earn considerable annual incomes. In the next year, he got the opportunity to join with a friend as a crewmember. In the following offseason, he used some retirement savings for materials to build a smaller boat (28’), and to buy a groundfish license. IF18 remained in the inshore fishery fishing for several groundfish and forage fish, although he stated that he makes far less money than when he was fishing lobster. When asked why he came back to work as crewmember and then fulltime for money. He said, “I told you I loved it.”

IF18’s story is indicative of a trade-off of material well-being for subjective well-being that informed a behavioral change. He used part of his retirement saving to come out of retirement and to re-enter for the ‘love of fishing.’ Although IF18’s story highlights a trade-off, IF18’s story does suggest that material well-being was not fully discounted, as IF18 had considerable savings from selling his enterprise. IF18s’ behavioral change highlights the importance of the social and economic situation. He was able to re-enter as a crew member first because of an opportunity posed by his friend. Then, IF18 had the financial security and skills to build his own boat and spend part of his savings on a groundfish license. In addition to the function of emotions as subjective well-being goals, emotions functioned as psychosocial factors to inform strategizing relating to adapting behavior changes.



Emotions as Psychosocial Factors in Strategizing for Adapting Behavior

We recorded how emotional valence and self-reported emotions factored into strategizing for adapting behaviors by shaping why IFs chose to pursue or not to pursue different forms of well-being. In all instances, perceptions of uncertainty played a mediating role when IFs indicated that emotions shaped their behaviors. Two patterns of emotional valence, self-reported emotions, perceptions of uncertainty and well-being were identified.

First, seven IFs associated adapting behavior change with hope, a self-reported emotion of positive valence. Those IFs associated hope with potential but uncertain opportunities in the fishery to advance their material, relational, or subjective well-being. Opportunities related to uncertainty about whether the fishery was going to have stronger catches or whether DFO was going to increase the quotas for the following year. Three IFs discussed how they entered or re-entered in the fishery because they were uncertain the future of their quotas for crab and hoped that DFO was going to reverse the trend of decreasing allocations. For example, IF13 discussed how the “fishery is really too unstable,” and that they re-entered with buying a new license because he “hopes that [DFO] figures [the quotas] out.” They hoped that quotas were going to be increased because of a limited availability of other work in their community, and they did not want to leave Newfoundland to make money with the cost of leaving their family. Four IFs indicated that they invested in the fishery by buying a new enterprise because they hoped for some positive change in the fishery to help them reach their goals. A quotation from IF19 explains how hope and uncertainty can turn out positively:

	[F]ishing is a gamble. You are either going to do good or you mightn’t get any…. Right before you start fishing you have a good idea what you are going to end up with,. unless they for some reason… shut it down before you get your catch, but that don’t happen every year…[but in that circumstance] we just hoped and hoped that we were going to do something. We were hoping that we were going to get a bit of mackerel. There is always something that comes along. You don’t see it at the time when you are in the situation, but the road it seems like something always comes up.

In this quotation, IF19 connected the uncertainty of fishing as a type of ‘gamble’ where suboptimal conditions in the fishery can be reversed by catch increases of mackerel. For example, IF19 indicated that “a good price” can improve how fishing went the past year.

IF20’s comments provided another example of the role of hope and uncertainty. IF20 discussed how he bought a new vessel after years of making financially responsible decisions just to stay long-term in his community with his family. He had hoped cod would return. Several years later he realized that he made the wrong decision after “things started to go downhill.” However, he stated he makes a living sufficient to stay in the fishery until he physically can no longer fish:

	I am going to stick with the fishery, but I am probably going to end up losing the boat…that I got because I ain’t got it paid for yet. So, I am going to stick with the small boat… The biggest season I got was [around $150,000] and that gotta be shared with five men. It’s not a big lot… if I make [a few hundred] dollars at the end of the week, oh boy that is good…The only bad part is that nobody put enough money away for a “rainy day” they calls [sic] it.

In addition to patterns of behavioral change associated with hope and uncertainty, a second pattern was recorded from 12 IFs in which fear drove the avoidance of adapting behavior, namely investing and exiting the fishery. In all instances, exiting the fishery or investing were associated with outmigration from local communities, including temporarily leaving their families or permanently uprooting their families. Investing was associated with debt, exiting the fishery and leaving their communities to find work outside of Newfoundland and Labrador.

Perceived certainty and uncertainty played different roles in strategizing. In each instance, IFs were certain that allocations were going to decrease or even close for respective fish stocks. IF1’s comment described this form of certainty, by indicating, “you never hear of anyone saying we are going to try to open up another area. All you hear is about is closures.” Uncertainty was associated with starting afresh in other provinces and cities more broadly. Respondents who perceived certain continual downturn of the fishery expressed how fear over exiting the fishery for an uncertain life elsewhere. For example, three IFs discussed fear associated with avoided the risks in investment. Those IFs stated that they did not know how to make a living any other way while perceiving that DFO was going to continue to decrease access and allocations. IF22’s demonstrated indicated that he had “nowhere to go, when you owe money like I do. I cannot do anything else. I put up with fishing up and down, but now it is not up and down: it is taken away.” Nine IFs indicated that fear shaped choices on whether to exit or not exit the fishery. Those IFs knew that fishery quotas were going to decline but were scared to move to another place that was unfamiliar to them. A quotation from IF5, the material well-being IF who lost her finger to fishing, talked about how fear of leaving the community for an uncertain future elsewhere shaped her decision to remain in the inshore fishery:

	Where are we going to go? Unemployment is good though. No I cannot leave all together. My husband had to go away to work to Alberta, but when he came back he only had [a few thousand dollars]. So what was the point of that? [When I think about leaving], it is the familiarity mostly. I do not like city life, and it is basically it. I just do not like hustle and bustle of cities. It is the fear of the unknown.

This quotation demonstrates the power of perceived uncertainty and the role of fear in strategizing and subsequent behavior when IF5 states that the decision to remain in the fishery was shaped by “the fear of the unknown.” The fear was powerful enough that the family would remain in the fishery despite injury, lack of opportunity and dependence on employment insurance.

The 20 IFs who expressed the two patterns of emotional valence, self-reported emotions, well-being, and perceptions of uncertainty indicated that their strategizing included lengthy emotional discussions with household family members. Additionally, ten IFs who similarly indicated changes in adapting behaviors, in which emotions were an explanatory factor, indicated that these behaviors resulted from emotionally driven strategizing. Often strategizing extended across several fishing seasons and involved a negotiation of current outcomes, assets, and potential to advance well-being in the future. IF20, who ended up investing considerably, describes how he and his wife talked about how they considered exiting the fishery:

	Once [the fishery was] pretty bad and me and the wife talked about it, “jeez” we are going to have to go away and go to Alberta or something, and I said, “I don’t know how life will go.” I said, “I tell you one thing. If I [expletive] go, I am not coming back once I am gone, and it will be pretty sad. We talked about it over and over.it was pretty emotional.”

Ultimately, IF20’s strategizing led to a hope-driven investment that turned out to be unexpectedly suboptimal. The stories of IFs who were driven by emotions as subjective well-being, and who expressed adapting behaviors for material and relational well-being did not come to those decisions lightly or dispassionately. The resultant behaviors influenced whether or not new capital and capacity remained within, increased, or left the inshore fishery.





DISCUSSION

Insights about fisher behavior can strengthen the capacity to assess, address, and anticipate change in the core activities in marine governance, such as modeling, developing and implementing policy, and strategic planning (Fulton et al., 2011; Neilsen et al., 2017; Armitage et al., 2019). Emergent fisheries research about fishers’ behavior, and underlying explanations for this behavior, has indicated two opportunities to strengthen this evidence base: (1) to conduct research that better understands fisher behaviors over long periods of time; (2) to develop psychosocial evidence that explains fisher behavioral change. Our research addressed these gaps by examining fishers’ behaviors as livelihood pathways defined by the prioritization of certain forms of well-being associated with behaviors, and assessing changes to adapting behaviors for their psychosocial explanations by drawing on emotions research. Below we build evidence-based insights and lessons for fisheries science and governance to support, develop and implement policies under conditions of change that are sensitive to the local context.

Our findings provide theoretical and evidentiary lessons to enhance how scientists and policy-makers anticipate and address behavior in four ways. First, the categorization of livelihoods pathways shed new light on the livelihoods’ behavioral foundations and the importance of values, such as well-being, as goals for behavior (Coulthard, 2012; Weeratunge et al., 2014). The material wellbeing and relational pathways reflected patterns of adapting and coping behavior in response to change and uncertainty expressed toward the same values. Moreover, those patterns led to similar types of individual and household outcomes, with significant implications for capacity and capitalization in fisheries. For example, IFs who more often pursued material well-being experienced either a boom or bust in their lives. ‘Boom’ outcomes involved IFs experiencing considerable success, and that success was concomitant with new forms of capacity—larger vessels, more licenses, and more gear—into midshore shrimp and crab fisheries or remaining at the upper regulatory limits (i.e., biggest boats, higher allowable licenses) in the inshore fishery. ‘Bust’ outcomes resulted in suboptimal experiences in the fishery, including deprivations to physical and mental health and reliance on governmental assistance to sustain material well-being. IFs who pursued relational well-being more often stayed smaller by limiting their capacity and capitalization by making only one or two major investments in licenses or vessels, or by building their own boats. They, too, relied on employment insurance for governmental assistance but did so to prioritize their family life in local communities.

Behavior patterns associated with single values and patterned outcomes contributes to research on fishers behavioral diversity under conditions of change (e.g., Boonstra et al., 2017; Andrews et al., 2020; Wijermans et al., 2020). For example, Wijermans et al. (2020) highlight the importance of motivations, social interactions, abilities, and livelihoods to modeling fishing behavior (e.g., decision related to effort) in relation to ecosystem and policy change. Here, this research contributes additional categorizations for diversity with an emphasis on values as organizing patterns of behavior in both marine environments and coastal communities. Future research can investigate outcomes from different livelihood pathways by examining how adapting and coping behaviors enrich or detract from fishery livelihood dependence in communities. However, the categorizations did not fully explain all the behavioral changes discussed by the study’s IFs. Often, changes in adapting behavior were informed by trade-offs in forms of well-being along with changes in the economic, environmental, and social conditions in fisheries. In this research, however, behavioral events and their explanations were only tied to broad environmental, economic, and policy trends. More precise factors, such as fish stock biomass, habitat conditions, household debt, and trip costs over time have been determined to shape behavior over time. Moreover, emphasis on factors such as age, household financial status, gender and behavior, interpersonal relations, and social norms highlighted by other research can enhance future research (e.g., Daw et al., 2012; Pascoe et al., 2015; Harper et al., 2017).

Second, emotions’ evidence helped explain behavioral change, including changes associated with trade-offs involving well-being. Research results described how IFs often changed adapting behaviors to be based on strategizing that involved positive emotions such as relief and enjoyment. They avoided adapting behaviors such as investing for themselves and entry for their children out of emotions such as anger and frustration with fisheries downturns. Moreover, emotions associated with the economic conditions of the fishery drove some IFs to protest the policies of DFO and to sue their union. In addition to emotions as goals for fisher behavior, emotions functioned as explanatory factors that shaped IFs’ pursuit of well-being during strategizing on the water, in aggregating areas such as dockside, and in households. When emotions functioned as psychosocial factors, those emotions were strongly linked to the negotiation of uncertainty. IFs indicated that when they were uncertain of future allocations, they held out hope for advancing their material or relational well-being in the future. Notably, those IFs acted on hope when they re-entered or invested, injecting new capacity and capitalization in the fishery. Some IFs who remained in the fishery avoided exiting out of fear for the uncertainty associated with moving from Newfoundland and Labrador. Importantly, the negotiation of uncertainty happened over lengthy, emotionally laden discussions with family that confronted trade-offs among values (Van Kleef, 2016). Drawing on emotions was original (also Bender, 2002) and significant in combination with values and perspectives. Further, the examples contribute new evidence to an evolving understanding of how livelihood strategies lead to individual and household outcomes, and broader environmental and social changes, including those in governance (Nayak, 2017). To extend thinking on multi-scalar interactions related to behavior, future sociological and social psychological research is needed that more expressly relates fishers’ strategizing and its psychosocial attributes to social institutions. This will help research account for the sort of push and pull on behavior made by fishers’ agency or community structures, respectively (Coulthard, 2012).

Third, the research contributes to social-ecological systems assessments by revealing microlevel change processes and their potential implications for system dynamics related to both continuous change and system collapse (Fabinyi et al., 2014; Lade et al., 2015; Stojanovic et al., 2016). Our results revealed fishers’ behavioral patterns and their psychosocial explanations in those microlevel change processes. The results contributed novel evidence on how fishers interpret and negotiate of change and uncertainty, and how resultant behavioral patterns can help explain diverse groupings of responses. Consequently, these results contribute novel evidence to enrich social-ecological systems models and planning for adaptive capacity that accounts for social diversity and individual behavior needed to understand ‘action situations’ (Schlüter et al., 2019). Further, the research provides direction for deep qualitative descriptions into such assessments (Li et al., 2020).

Fourth, this research provides insights for coastal and marine fisheries governance under conditions of change and uncertainty. Governance can be strengthened with science, policy, and management interventions that can assess, address, and anticipate change and uncertainty in fisheries that, in turn, have environmental, economic, social, political, and governance dimensions (Nayak, 2017). Research has revealed that assumptions about human behavior and its motivations shape the underlying logic of how actors in governance expect a fishery to operate and respond to policy (Chuenpagdee and Jentoft, 2009). This research results provide a more nuanced understanding of rationality, in which fishers pursued, prioritized, and traded-off multiple goals and drew on emotions and perceptions as lenses to a range of economic, environmental, and governance changes. This depiction of change in inshore fisher behavior demonstrates the futility of anticipating that fishers are to behave in dispassionate ways to maximize their economic utility, as indicated by neoclassical economic and rational choice paradigms (Chuenpagdee and Jentoft, 2009; Fulton et al., 2011; Wijermans et al., 2020). Rather, this research highlights profit, or material well-being, as just one of several values that are negotiated, pursued, and prioritized across marine environments and coastal communities (Brueckner-Irwin et al., 2019).

Building context-sensitivity in fisheries policy reflects efforts to include knowledge on the local context in assessing change in fisheries, developing and implementing policy, and evaluating policies, such as through management strategy evaluation (Steelman and Wallace, 2001; Young et al., 2018; Lindkvist et al., 2020). Our findings further develop the psychosocial dimension of the local context (see also Béné et al., 2019). Findings on livelihood groupings provided long-term patterns of behavior in response to perceived changes provide complementary ways to organize fishers beyond common policy categories such as vessel size or allocation type. The IFs in this research ultimately self-organized according to their fishery-related goals. These goals informed how those fishers interacted with fish stocks, in coastal communities, and with managers in marine governance. As such, values reflect a necessary variable anticipating how fishers are likely to respond to policy change (Song et al., 2013; Wijermans et al., 2020). Results on the function of emotions, perceptions, and values in individual and group strategizing provides new and nuanced insights on how fishers prioritize and respond to change in local context. Further, the results provide opportunities for future research on the relationship between individual and group motivations for fisher behavior (Lindkvist et al., 2020), as the narratives in this research pointed to emotional decision-making related to adapting behaviors in households.

Our research highlighted the importance of stories for understanding fishers’ behavioral change and their psychosocial explanations for that change. We highlighted the power of deep narratives – intentionally and respectfully collected by the researcher – in drawing out the diverse experiences of fishers and the psychosocial factors associated with those experiences. An analysis of fishers’ narratives provided novel and context-sensitive knowledge about behavioral responses to policy which can inform the use of combinations of policies and incentives (Lubchenco et al., 2016; Ojea et al., 2017). While based in ethnographic approaches, narrative research can be practical as well as useful. Narratives are often intuitive to fishers and their analysis can inform social-ecological assessments (Galafassi et al., 2018) and indicators for marine governance as is imagined in other problem contexts (Lowery et al., 2020). Narratives, therefore, can provide useful inputs for modeling and policy evaluations that draw on psychological and social theory and evidence, an ideal described in other studies (Lade et al., 2015; Essington et al., 2017). Yet, to enhance the practicality of using narratives, strategies are needed to build qualitative social science capacity in fisheries governance (Galafassi et al., 2018; Lowery et al., 2020).



CONCLUSION

Our findings provided evidence for understanding fisher behavior and its motivations. These findings included patterns of fisher behaviors as demonstrated by groupings of livelihood pathways. Those patterns reflected fishers prioritizing and trading-off material or relational well-being. Prioritizations and trade-offs of forms of well-being revealed diversity in the fishery and corresponding outcomes to shifting capacity and capitalization for fishers and in fisheries more broadly. Further, findings identified that fisheries reported the influence of emotions, perceptions, and forms of well-being on their behavioral change.

Our research also assessed novel patterns of psychosocial explanatory factors in relation environmental, economic, and policy changes interpreted by fishers. We considered the implications for strengthening the capacities in marine science, policy, and management to anticipate and address changes across marine environments and coastal communities. Specifically, our findings highlighted opportunities to strengthen marine governance under conditions of change, including to move beyond economic rationality explanations for fisher behavior, build context-sensitivity in fisheries policies, and incorporate psychosocial evidence along with social science through research methods such as narratives.

Developing lessons from narratives required concepts and analysis made possible by using psychological and social theory and evidence about how and why fishers behave as they do under conditions of uncertainty. The theory and evidence were derived from a novel combination of emotions research (Etzioni, 1988; Cohen, 2005; Wolfe, 2017) and livelihoods research (Ellis, 2000; Marschke and Berkes, 2006; Møller et al., 2019). To advance these lessons, further assessment of marine governance arrangements around the world are necessary to build practical opportunities to cultivate, communicate, and use knowledge fisher behavior and its psychosocial explanations.
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FOOTNOTES

1It is common in Atlantic Canada to refer to fleets by the vessel size and vessel size in feet (as opposed to meters).

2Some northern shrimp allocations were provided before the collapse as a part of an exploratory program implemented by DFO.

3The number of inshore fishers associated with themes is not intended to reflect statistical representation. Rather, including the number provides opportunity for the reader to verify and evaluate the strength of the theme in relation to other similar themes.
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Encouraging people’s pro-environmental behaviors is an objective of Education for Sustainable Development. In the context of small-scale fisheries, unsustainable fishing practices are compromising the integrity of coastal communities and ecosystems. Ecopath with Ecosim (EwE) is an ecosystem modeling software that presents interactions/changes in the food web as a result of fishing. Despite the multiple applications of EwE in fisheries management, it is unknown from a quantitative perspective whether the application of EwE trophic modeling in environmental education processes and management produces effects on norms and ecological beliefs, and if it alters behavioral intentions of the participants receiving ecosystem modeling information. We conducted a behavior change intervention with gillnet fishers in the Gulf of Nicoya, Costa Rica, to compare antecedents of pro-environmental behavior between participants who received an ecosystem-based intervention (lectures containing EwE models; treatment) and those who received lectures that didn’t involve EwE (control). Based on theories of environmental psychology, we used a pre–post survey design, to evaluate changes between control/treatment, and to assess the influence of psychometric constructs and fishing characteristics on the behavioral intentions to support sustainable fishing measures and owning a fishing license (revealed behavior). Personal norms and values were significant at explaining management measures’ support, along with some fishing characteristics (e.g., fishing site). Deliberating about possible future scenarios (via EwE-modeling) helped reduce uncertainties, increasing legitimacy and a perceived behavioral control (PBC) to support measures. Currently, licenses in the Gulf aren’t granted under defined ecological criteria, and although altruistic-biospheric values scored highly before the intervention began, due to mistrust and high illegal-unlicensed fishing, fishers may be underestimating how much others care about the environment. Value-oriented and ecosystem-based interventions may assist to effectively redesign the licensing system and encourage fishers to support sustainable measures. Our research indicates the importance of education interventions that teach about the impacts of fishing in the ecosystem while helping participants to perceive themselves as capable of implementing actions (PBC) and expressing biospheric-altruistic values to restore trust. Redirecting human behaviors to reconnect with ecosystem resilience can be a leverage point for sustainability and for the compliance of small-scale fisheries management measures.
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INTRODUCTION
Encouraging people’s commitment to protect marine biodiversity and adopt behavior toward sustainability are important objectives of Education for Sustainable Development (ESD) and the Sustainable Development Goals (SDGs) (United Nations, 2016). ESD is particularly relevant today when a rapid response and a behavioral change is needed to address major global environmental problems, such as the climate emergency or biodiversity and ecosystem loss (McKeown, 2002). Overexploitation, ecosystem imbalances, gender inequality and poverty, are some of the environmental and social issues faced by people in coastal areas worldwide, particularly affecting the tropics and small-scale fisheries (Pauly et al., 1998; Salas et al., 2007; Kittinger et al., 2013; Purcell and Pomeroy, 2015). Responding to global challenges requires a shift in our lifestyles and a transformation in the way we think and act (United Nations, 2016). To implement realistic sustainable conservation measures in small-scale fisheries – given irreducible complexity and uncertainty – solutions at the level of whole ecosystem are required (Walters, 1986). Ideally this would be accompanied by experiential education (Stern et al., 2008), active learning, deliberation and participatory processes (Dietz, 2013), as well as an understanding of the human-nature relationships behind behavior of those individuals and communities that are involved in conservation plans (Kollmuss and Agyeman, 2002).
Education for Sustainable Development is clearly recognized as part of the target 4.7 of the SDGs on education which “aims to ensure by 2030 all learners acquire knowledge and skills needed to promote sustainable development, through education and sustainable lifestyles” (United Nations, 2016). ESD is also essential to all efforts to achieve the SDGs by promoting societal, economic and political change as well as by transforming people’s behavior (McKeown, 2002). One important step in this direction is to understand how humans make decisions about environmentally relevant behavior (Kollmuss and Agyeman, 2002). For example, in the case of climate change, the question arises: what makes some people use public transportation, a bicycle or a car, or what makes some individuals eat meat while others become vegan or vegetarian? Attributes such as perceptions and socio-ecological characteristics are key drivers of fishers’ behavior (Naranjo-Madrigal et al., 2015; Torres-Guevara et al., 2016), in turn, these attributes are based on mental models, particularly values, beliefs, norms and worldviews (Song et al., 2013). Environmental and social psychology has contributed by proposing and testing theories and models of human-nature relationships that aim to predict environmentally significant behavior (Klöckner, 2013) and identify possible interventions that would motivate transformations in peoples’ behavior toward sustainable lifestyles and actions (Abrahamse et al., 2005; Bolderdijk et al., 2013).
Values are important components of many models of environmentally significant behavior (Schwartz and Howard, 1981; Ajzen, 1991; Stern et al., 1999; Stern, 2000), and serve as standards to assess whether certain actions are desirable or not in a society (de Groot and Steg, 2008). Within the value orientations (de Groot and Steg, 2008), biospheric orientations refer to concern for environment, altruistic denote concern for other human beings and egoistic orientations represent concern for personal resources and one’s own life. Government policy, environmental education and deliberation have been proposed as vehicles to create changes in people’s values; however, as values are molded at an early age and tend to remain stable throughout the years, they can be difficult to change (Schwartz and Bardi, 2001). In this sense, a fruitful area of research for environmentally significant behavior, complementary to the investigation of change in values, has been describing values to predict conservation behavior, which is relevant because values contribute to the specific environmental beliefs, norms and actions that people adopt in the course of their lives (Stern and Dietz, 1994). The theory of value-belief-norm (VBN) (Stern, 2000) and the theory of planned behavior (TPB) (Ajzen, 2005) have been widely used and remain broadly prevalent in the field of social psychology to explain human pro-environmental behaviors (e.g., Steg et al., 2005; de Groot and Steg, 2009; Bolderdijk et al., 2013; Klöckner, 2013; Clayton and Myers, 2015) including marine conservation and fisheries context (e.g., Fujitani et al., 2017; Riepe et al., 2017; Wynveen and Sutton, 2017; Olya and Akhshik, 2019).
Both theories the VBN and the TPB consist of a causal and hierarchical chain of psychological constructs that inform pro-environmental behavior (Figure 1). According to the VBN theory (Stern, 2000) individual’s biospheric, altruistic and egoistic values (de Groot and Steg, 2008) give rise to a series of beliefs. Beliefs are defined as expectations arising from information and experience (Fujitani et al., 2017). Based on these environmental beliefs, the ecological worldview of an individual is shaped (new ecological paradigm, NEP) and people may feel responsible for reaching specific pro-environmental goals. Ascription of responsibility (AR) is in turn influenced by the individuals’ awareness of consequences (AC) if not acting pro-environmentally (Stern, 2000). The responsibility once recognized, translates into personal norms (PN), defined as a perception of what should to be done in a given context. Theoretically, all components of the VBN-theory serve as a predictor of environmental behavior, although there are some variations in the prediction power between the variables (Stern, 2000; Steg et al., 2005). For example, norms and beliefs have been identified as strong determinants of environmental decisions (Fujitani et al., 2017; Riepe et al., 2017). It has also been observed that biospheric and altruistic values tend to dominate in prediction (van Riper and Kyle, 2014) and in the stability of pro-environmental behavior, above egoistic values (de Groot and Steg, 2009).
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FIGURE 1. Value-belief-norm theory (VBN-theory) together with subjective norms, perceived behavioral control and behavioral intentions from theory of planned behavior (TPB). Adapted from Klöckner (2013).


The TPB establishes that the performance of a certain behavior is directly associated with the intention of an individual to perform that behavior (Ajzen, 1991, 2005). This intention increases with an increase in subjective or social norms (SN) and with an increase in perceived behavioral control (PBC) (Ajzen, 2005) (Figure 1). Specifically, individuals tend to perform pro-environmental behavior if there is a perception that other relevant people expect them to act in this way and support them in doing so (SN) (Nyborg et al., 2016), and if they perceive themselves as capable of implementing or changing this behavior (PBC) (Clement et al., 2014) also known as perceived self-efficacy (Wynveen and Sutton, 2017). Scholars have expanded or combined relevant psychological theories of behavior change (Olya and Akhshik, 2019), and for instance have pointed out the importance of habit strength alongside intention in predicting behavior (Klöckner, 2013). Ajzen (2005) indicates that intention also increases with an increase in an individual’s attitude toward behavior (Attitudes, i.e., a positive evaluation of behavior). Even some authors outside of social psychology, include intention formation and intention realization as antecedents of behavior (e.g., Schüler et al., 2019, for clinic behavior change). For the present study, we used a comprehensive approach of determinants of individual environmentally relevant behavior based on a meta-analysis (Klöckner, 2013) and a combination of two of the most important theories in social psychology, the TPB and VBN. Thus, in addition to revealed behavior and the VBN factors, we measured subjective norms, PBC, and behavioral intentions from the TPB.

To promote environmental sustainability in public policies and management, the existence of citizens with environmental awareness and scientific knowledge is crucial (Kinzig et al., 2013). Educational programs are among the most popular means to foster pro-environmental behavior and actions toward sustainability (Smyth, 2006; Arbuthnott, 2009). Education for Sustainable Development aims to equip individuals with knowledge but also fostering skills and engagement to bring about transformations that lead to more sustainable societies (McKeown, 2002). Nevertheless, it has been shown that the provision of information alone is usually insufficient to affect long-lasting changes in behavior (Sterman, 2008; Fujitani et al., 2016). If the goal of an educational program is to encourage positive behavior, following models of environmentally significant behavior these programs should target beliefs (Bolderdijk et al., 2013) and foster AC and AR (Menzel and Bögeholz, 2009). In order to alter mental models and fundamental beliefs, it has been proposed to create spaces within educational programs for people to reflect, express and negotiate their views, and learn socially and actively (Fujitani et al., 2017).

A deliberative processes – in which through discussion respondents are given the opportunity to exchange opinions and arguments (Völker and Lienhoop, 2016) – can deepen consideration of issues, facilitate social learning and help to form preferences in social contexts, for situations that people usually do not have to make decisions about (Macmillan et al., 2002). A large body of literature indicates that deliberative process anchored on scientific information and management can both provide useful knowledge for decision making as well as foster environmentally significant behavior (Wilson and Howarth, 2002; MacMillan et al., 2006; Spash, 2008; Kenter et al., 2011).

One hypothesized way to affect behavioral antecedents, such as beliefs and norms in favor of the environment, is to provide individuals with scientific knowledge, in turn promoting positive connections between people and nature. We suggest that deliberating on an ecological model in environmental education, can help bridge science and society while showing the relationships between people and ecosystems in an accessible way. A food-web model can provide a basic visual experience of the structure of the marine ecosystem, the interconnection between marine species in addition to showing the role that people play in that ecosystem. A representative example of ecological modeling is the Ecopath with Ecosim (EwE) approach, a software that presents interactions and changes in the food web as a result of fishing (Christensen and Pauly, 2004; Christensen and Walters, 2004b). EwE modeling also allows managers to project past and future states of the system, exploring optimal fishing policies and environmental changes (Pauly et al., 2000; Pitcher, 2001; Christensen and Walters, 2004a). As models are targeted to answer specific scientific and management questions, the use of a trophic model in a workshops as a scientific educational tool, can create a space for reflection, deliberation and the two-way exchange of information on the management of shared natural resources (e.g., Sánchez-Jiménez et al., 2019).

Despite the multiple applications of EwE in fisheries management (Christensen and Walters, 2005), it is unknown from a quantitative perspective whether the application of the EwE food web model in environmental education processes produces effects on norms and ecological beliefs, and if it alters the behavioral intentions of the people who receive information from ecological modeling. In our case study in the Gulf of Nicoya (GoN), Costa Rica (Pacific Ocean), behavior change interventions were developed combining an Ecopath model with Ecosim (EwE) with deliberation, to stimulate an active learning process. Based on Alms and Wolff (2019), a description and modeling of the ecosystem of the Gulf of Nicoya and its fisheries was presented to discuss the changes in biomass over the last two decades (Wolff et al., 1998; Alms and Wolff, 2019) and a management scenario that involves the reduction of fishing effort for the restoration of species at high trophic levels, as a proxy for ecosystem health.

Within the context of an environmental education experiment, we conducted a behavior change intervention with gillnet fishers, to compare antecedents of pro-environmental behavior between participants who received an ecosystem-based intervention (a lecture with workshop materials containing EwE models) (treatment) and those who received lectures that didn’t involve EwE models (non-EwE) (control). Based on the VBN theory and the TPB, we used a pre–post survey control design, to evaluate changes in psychological factors between control and treatment, as well as to assess the influence of psychometric constructs and fishing characteristics on measures of pro-environmental behavior, specifically on the intentions to support fisheries sustainability and a reduction in fishing effort of 25% (measures A and B), along with owning a fishing license (revealed behavior, measure C).

Two hypotheses have been raised: (1) after the intervention we would observe an increase in the scores of psychometrics related with pro-environmental behavior in the treatment compared to the control; (2) of psychometric factors, values, personal norms, and perceived behavioral control would have a significant influence on behavioral intentions and behavior (Klöckner, 2013). Our interest has been to explore the role that EwE trophic modeling can play in a behavior change intervention both in a context of Education for Sustainable Development and in small-scale fisheries management. It is expected that in practical applications, participatory management processes of this nature should be reflected in a greater willingness to support policies or projects aimed at sustainability.



MATERIALS AND METHODS


The Gulf of Nicoya Ecosystem

The Gulf of Nicoya (Figure 2), located on the central Pacific coast of Costa Rica, is considered one of the most important estuaries in Central America (Wolff et al., 1998) due to high productivity and marine biodiversity (Vargas, 1995). Thousands of artisanal fishers depend on seafood in the GoN (FAO, 2014). Small-scale fishers rely on fishing nets, bottom and drifting longlines, handlines, as well as practice shellfish harvesting (Marín-Alpízar and Vásquez, 2014). Sardine purse-seiners and shrimp trawlers (new permits cannot be granted due to environmental damage; the debate to reactivate shrimp trawling is open) are other two semi-industrial fleets operating in the GoN (Ross-Salazar, 2014). From 1994 to 2005, the reported landings of the GoN represented 65% of the total production in Costa Rica, with a peak that occurred in 2000 and a downward trend since then (Chacón et al., 2007). In this regard the majority of commercially species are exploited beyond sustainable levels (Wehrtmann and Nielsen Munoz, 2009).
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FIGURE 2. Gulf of Nicoya located on the Pacific coast of Costa Rica. The Gulf is sectored by INCOPESCA into areas 201, 202, and 203 based on species composition and fishing gears used (Marín-Alpízar and Alfaro-Rodríguez, 2019). The four focal points selected for this study are highlighted in the figure.


For management purposes, the Costa Rican institute of fisheries, INCOPESCA, have sectored GoN into three different areas, the inner (zone 201), middle (202), and outer Gulf (203) (Marín-Alpízar and Alfaro-Rodríguez, 2019). For this study, we followed the criteria of INCOPESCA and selected four focal points that geographically represent the diversity of artisanal gillnet fisher communities along the GoN. (1) Isla Chira (North internal region), (2) Costa de Pájaros (North intermediate region), (3) Paquera-Tambor (South-West external region) and (4) Tárcoles (South-East external region). Across the sectors is a common presence of species such small pelagics (Anchoa sp., Centengraulis mysticetus, Ophistonema spp.), shrimps (Litopenaeus spp.), snapper (Lutjanus spp.), and corvinas and snook (Cynoscion spp., Micropogonias altipinnis, Centropomus nigrescens) (Vargas-Zamora et al., 2019).

The basic input parameters collected to create the updated EwE food web model of the Gulf of Nicoya, come from INCOPESCA’s monthly artisanal landings statistics for the main target groups of the fisheries (Alms and Wolff, 2019). Within the EwE modeling software, Ecopath enabled the analysis of the trophic mass balance (biomass and flow) and functioning of the ecosystem (Christensen and Walters, 2004a). Estimation of biomass with Ecopath required making explicit assumption about the ecotrophic efficiency; i.e., the proportion of the total mortality rate of a group accounted by the predation, migration, biomass accumulation and fishing rates (Christensen and Walters, 2004a). EwE is characterized by its simplicity and management applications, since it is flexible to accommodate future input updates and requires relatively few key data, making it useful in some data-limited fisheries contexts (Bacalso and Wolff, 2014). One potential limitation in applying the EwE approach lies in the quality of available data, so this and other possible limitations were addressed based on Christensen and Walters (2004a).

The time dynamic modeling capability (Ecosim) of EwE (Pauly et al., 2000), facilitated estimating future results of fisheries management alternatives in the Gulf, at combining fishing data with ecological data (biomass and consumption estimates, eco-trophic efficiencies and diet composition). Based on Alms and Wolff (2019), a fishing effort reduction by 25% was modeled, within which relatively small economic losses and the potential for substantial restoration of high trophic level functional groups (large corvina, snook, catfish, mackerel and barracuda) were identified (Figure 3).
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FIGURE 3. Scenario 25% effort reduction was delivered to the members of an ecosystem-based intervention (lecture containing EwE models), based on Alms and Wolff (2019).




Experimental Design

We conducted an experiment of environmental education with small scale gillnet fishers in the Gulf of Nicoya to assess outcomes of providing and deliberating upon scientific information. The topic concerned complex ecological issues in the GoN, discussed in relationship with fishing activities, especially the impact of gillnet fisheries on the ecosystem. We compared antecedents of pro-environmental behavior (van Riper and Kyle, 2014; Fujitani et al., 2017) in fishers who were members of an ecosystem-based intervention (a lecture with workshop materials containing EwE) (Figure 3), with those who received lectures that didn’t involve EwE. Using a pre-survey (recruitment) and post-survey (applied to the fishers that participated in the three phases of the study) control design, changes in environmental values, beliefs, norms, and behavioral intentions were evaluated.

The experimental design consisted of three main phases (Figure 4): (1) a pre-survey in which 101 small-scale gillnet fishers participated, carried out along the Gulf of Nicoya: inland zone (Palito, Bocana and Montero in Isla Chira), middle Gulf (Costa de Pájaros) and external (Paquera-Tambor and Tárcoles); (2) an environmental education program that included two workshops 1 week apart (to discuss different information each week), in which a total of 86 people were part of the 101 pre-survey fisher and participated in the first workshops, then 73 people were part of the 86 fishers participating in the second workshops; and finally (3) a post survey (after the workshops) for the fishers who participated in the three phases of the study. In total, 14 workshops were held in all communities, with a retention rate from before to after the survey of 57.42%. This study focuses on the 58 fishers who participated in the three stages of the research. The 15 respondents from the Tárcoles community, who only completed the pre-survey and did not show positive availability for the workshops, were not included in the analysis.
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FIGURE 4. Experimental design applied with small-scale gillnet fishers in Gulf of Nicoya; 58 were the number of fishers who participated in the three phases of the study (pre, workshop, and post).


Summary tables of the respondent’s profiles are provided in the Supplementary Material. The majority of respondents identified as male (82.8%). The average age of respondents was 41, ranging from 18 to 70 years old. These characteristics of our sample are similar to the population data for the communities visited (Biomarcc-SINAC-GIZ, 2013); 96.6% of respondents were long term residents of Gulf of Nicoya (more than 10 years) from which 36.8% reported having fishing experience of 10–20 years and 47.4% of more than 20 years. The majority of fishers (51.7%) completed elementary school and just 12.1% completed high school.

With respect to the surveys, the quality of the responses are determined by the extent to which the respondent understands the question, retrieves and integrates information to form a general judgment and formulate an answer; the type of instrument used (e.g., in person or self-administered surveys/interviews/questionnaires) can have an effect on the responses (Lindhjem and Navrud, 2011). When using in-person surveys, the respondent may feel inclined to provide answers that are socially acceptable or that he/she thinks the interviewer would like to hear, that effect is called social desirability bias (Ressurreição et al., 2012).

Taking into account social desirability bias (Nunnally, 1967), the present study was framed within an experimental setting in which group control was used for comparison with the members of an EwE (ecosystem modeling) groups (treatment). The level of social desirability also seems to be related to the degree of anonymity and confidence felt by the respondent (Lindhjem and Navrud, 2011), hence in order to improve this anonymity and trust (1) we sought and obtained authorization from community leaders before conducting the surveys, and the wording was pretested and modified accordingly in a pilot survey (and workshop pilot); (2) participants were asked for prior informed consent and provided with a description of the project and the uses of the research data; (3) the interviews were carried out by trained interviewers to clarify the doubts of the respondents, thus minimizing the non-response rates; (4) respondents were encouraged to give honest answers and the confidentiality of the answers was emphasized.

The survey used in this investigation contained some reversed statements interspersed so people needed to put the necessary effort and take some time to think to optimally answer (Lindhjem and Navrud, 2011), in addition we counted with follow up questions (post survey) to test for consistency of the responses (see more details in the “Data Analysis” section).

The study was conducted primarily from May to July, 2017, as this was a 3-month period of fishing closure in the inner and intermediate zones of the Gulf, created for the protection of the reproductive peak events of target resources (small pelagic fish species, shrimps, snapper, and corvinas) (Sánchez-Jiménez et al., 2019). Usually fishers from internal zones are not involved in any fishing activity during the closure, which facilitated their recruitment to this study. To maximize respondent attention when answering questions, the interviews were preferentially performed when respondents were apparently relaxed and unoccupied (Ressurreição et al., 2012). A minimum of 10 people were interviewed per community in the expectation of having 5–12 attendees in each workshops, facilitating thus fluency in the conversations within small groups (Macmillan et al., 2002).


Pre-survey

In the pre-survey (Supplementary Material) the items were designed to elicit: (1) Socio-economic, demographic characteristics and fishing practices of the respondents; (2) antecedents of pro-environmental behavior through psychological factors associated with pro-environmental behavior; (3) behavioral intentions to support fisheries sustainability and a reduction in fishing effort of 25% (measures A and B), along with owning a fishing license (revealed behavior, measure C); (4) the last part of the survey elicited the availability of fishers to participate in workshops. Each survey session lasted an average of 45 min.

Values, beliefs and norms were measured in the survey using 22 items adapted from previous surveys (Steg et al., 2005; Kenter et al., 2016). The values were measure through a Likert response format −1 to 7 where −1 indicated “opposition’ to this value,” and 7 indicated “of supreme importance.” Beliefs and norms where measured in a format 1 to 5 where 1 indicated “strongly disagree,” and 5 indicated “strongly agree.”



Environmental Education Experiments (Workshops)

Two workshops (Figure 4), 1 week apart, took place and lasted approximately 4 h. Both workshops included deliberation to provide participants with a space to discuss complex ecological issues in the GoN associated with fishing practices. In the first workshop, everyone received the same introductory information about the state of the ecosystem in the GoN to familiarizing them with the topic. In the second workshop the differences lay in the way the information was presented, since they were randomly assigned to a lecture that either had EwE or did not.

Within workshop 1 (introductory information and deliberation): (1) all participants received the same introductory information about the state and changes over 20 years in catches of shrimps, corvinas and large predatory species, taken from Alms and Wolff (2019). (2) Fishers were asked to deliberate in groups around the information received (see details in Sánchez-Jiménez et al., 2019). Within workshop 2, people were randomly assigned either to a treatment (containing EwE) or to a control lecture (non-EwE), this served as the control for comparison (Fujitani et al., 2017). Control and treatment both involved deliberation on the info presented, the differences lie in the way the information was offered.

The control lecture: (1) Taught general issues regarding the concepts of marine tropical food webs (Christensen and Pauly, 2004) without discussing the trophic modeling, serving as the control for comparison with the EwE lecture groups to account for social desirability bias and the observer effect in respondents’ answers (Nunnally, 1967; Fujitani et al., 2017); (2) participants were told about a hypothetical management option in which a reduction of 25% in the fishing effort would take place but without the modeling context; and (3) they were encouraged to deliberate about this possibility. In the treatment lecture the facilitator provided in the classroom, via a flip chart presentation (Figure 3 and Supplementary Material): (1) a description of the EwE food web model of the Gulf of Nicoya (Alms and Wolff, 2019); (2) an explanation about the execution of an EwE model that implied a 25% reduction in fishing effort, with evidence of the recovery of large predatory species implicit in this scenario; (3) participants were encouraged to deliberate about the information provided.



Post-survey

A follow up survey was administrated after the end of the second workshop based on the pre-survey to measure changes in the psychometric factors after the deliberation.



Data Analysis

Data were analyzed using R studio version 3.5.3 and JASP version 0.10.2, item and construct relationships were tested with confirmatory factor analysis, as well as reliability analysis (Cronbach’s alpha) for internal consistency in respondent’s answers (Cronbach, 1951; Ward et al., 2018).

Since we hypothesized that the means of the psychometric constructs would obtain a higher score after treatment (EwE lecture) as an increase in the fishers’ environmental commitment, in order to address this hypothesis, we compared via an independent group t-test, the changes in psychometric indicators between samples from pre and post surveys, within control and treatment groups (Fujitani et al., 2017).

Weighted least square (WLS) regression analyses were run to test the level of influence of constructs and socio-demographic characteristics on the Gulf of Nicoya residents’ behavioral intention and revealed behavior to support three measures of pro-environmental behavior (measures A, B, and C). Each management action served as the dependent variable in a regression with antecedents of pro-environmental behavior and socio-demographic characteristics as independent variables. Variable selection for models used the backward elimination which is a stepwise approach that begins with a full (saturated) model and at each step gradually eliminates variables, in order to find a reduced model that best explains the data. It reduces the number of predictors, reducing the multicollinearity issues (Hocking, 1976).

The dependent variables behavioral intentions measures A and B were continuous variables, and we performed a linear regression. For measure C, the response was categorical (binary, owning a license or not), and so a logistic regression was applied.



RESULTS


Psychometric Constructs

Psychometric indicators were measured in the questionnaire using 22 items. Factor analysis extracted eight expected constructs from these questions: AR (two items), PBC (two items), universal values (biospheric and altruistic values) (four items), AC (two items), Egoistic values (three items), PN (two items), Subjective norms (two items), NEP (five items) (Tables 1, 2).


TABLE 1. Factor analysis on values, beliefs, and norms regarding restoration of high-trophic level species and sustainable fisheries in the Gulf of Nicoya and reliability estimates for each extracted factor (pre-survey sample).

[image: Table displaying various constructs related to environmental responsibility with associated theories, survey codes, factors, means, standard deviations, and Cronbach’s alpha values. Constructs include ascription of responsibility, perceived behavioral control, biospheric and altruistic values, and more, linked to VBN and TPB theories. Values indicate different survey responses with varying measures of reliability and statistical significance.]
TABLE 2. Factor analysis on values, beliefs, and norms regarding restoration of high-trophic level species and sustainable fisheries in the Gulf of Nicoya and reliability estimates for each extracted factor (post-survey sample).

[image: Table listing constructs with their respective theories, survey codes, factor loadings, mean, standard deviation (SD), and Cronbach's alpha. Constructs include values like biospheric, perceived behavioral control, and norms. Factor loadings range from 0.43 to 0.96. Mean scores vary across constructs, with Cronbach's alpha values indicating internal consistency.]Reliability estimates for the eight constructs ranged from 0.512 to 0.917 for the pre-survey sample (Table 1) and from 0.621 to 0.935 for the post-survey sample (Table 2). Overall Cronbach’s alpha was improved by deleting three items of the NEP construct. The recommended corrected item total correlations of 0.4 was exceeded in all cases (Ward et al., 2018). For these reasons, all items were grouped together with their respective indicator theme constructs.



Pre and Post Survey Control Comparisons

The results of the independent group t-test for the pre and post surveys samples, are reported in Figure 5. Two values differed between the pre and post surveys samples: Egoistic values decreased significantly (p < 0.05) in the post survey sample within the EwE lecture (treatment). Likewise, an increase (p < 0.1) was found in the PBC values in the post survey sample within the treatment (EwE lecture). No significant differences were found between pre and post survey samples for subjective norms, AC, NEP, PN, AR or for biospheric and altruistic values.


[image: A grid of twelve graphs compares pre- and post-treatment measures across various constructs. Each graph is labeled for clarity. Notable variations include decreasing trends in "Subjective Norms Control" and "Egoistic Values Treatment," with a significant change marked by p<0.05. "Perceived Behavioral Control Treatment" shows a p=0.08 annotation. Error bars are present in all graphs, indicating variability in data points.]

FIGURE 5. Comparison between means of the pre and post survey sample within the control (non-EwE lecture) and treatment (EwE lecture). Blue dotted lines represent the difference between pre and post survey. A red dotted line indicates a significant difference at the p < 0.05 level; an orange dotted line shows a difference at the p < 0.1 level.




Behavioral Intentions and Revealed Behavior to Support Sustainability (Regression Analysis)

Regression analysis assessed the influence of psychometric constructs and fishing characteristics on measures of pro-environmental behavior, specifically on the intentions to support fisheries sustainability and a reduction in fishing effort of 25% (measures A and B), together with owning a fishing license (revealed behavior, measure C) (Table 3).


TABLE 3. Results of regression analysis for the pre and post surveys samples.

[image: Regression table showing predictors for three behavioral intentions: supporting sustainable fisheries, supporting a 25% fishing effort reduction, and owning a fishing license. Includes pre- and post-intervention data, standardized beta-coefficients, significance levels, \( R^2 \), and adjusted \( R^2 \) values. Notable results include significant predictors like personal norms, fishing-site location, and fishing gear size. Significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.]The estimated correlation between the error terms (adjusted R2 or Nagelkerke R2) for all three models fall within the ranges usually reported in regression models (0.3–0.7), suggesting a reasonable explanatory power (Bacalso et al., 2013). Coefficients for subjective norms, NEP, PBC, fishing profits, fisheries organization and gender fell short of significance. The significant (positive or negative) coefficients under management actions A, B, and C are shown as follows:


Behavioral Intention to Support Sustainable Fisheries (Measure A)

The pre survey sample reflected that PN (β = 0.36, p < 0.01) regarding marine conservation issues, was the most significant factors in the model. Catching finfish predominantly with large-size mesh gillnet (≥3 inches) was also a significant factor (0.78, p < 0.001).

The regression explained 52% of the total variance (R2 = 0.5182) suggesting reasonable explanatory power. On the other hand, the post survey sample showed no significant factors with a 36% of the total variance explained by the regression (R2 = 0.3610).



Behavioral Intention to Support 25% Fishing Effort Reduction (Measure B)

Regarding the support to reduce 25% the fishing effort, the pre survey sample showed that fishing in the middle Gulf (Costa de Pájaros) (β = 0.60 p < 0.01) was the most significant factor in explaining support. Similarly, fishing in the outer Gulf (Paquera-Tambor) (β = −1.66, p < 0.001) and egoistic values (β = −0.18, p < 0.05) were important factors, but the relationship was negative, that is, the more the participants fish in the GoN’s outer area and the more the egoistic values, the less support for sustainability.

In the post survey sample, fishing in the outer GoN also indicated an important significant factor of opposition (β = −1.01, p < 0.01); whereas PN (β = 0.33, p < 0.05), biospheric and altruistic values (β = 0.41, p < 0.01) together with fishing with large-size mesh gillnet (β = 1.29, p < 0.01) and being a resident of Costa de Pájaros (β = 0.48, p < 0.05) were the most significant positive factors influencing support. The regression explained 72% of the total variance (R2 = 0.72).



Revealed Behavior: Owning a Fishing License (Measure C)

At the third level of support sustainability by means of owning a fishing license, for the pre survey sample, owning fishing vessel (β = 2.89, p < 0.01) was the most significant factor behind owning a fishing license.

The regression explained 51% of the total variance (R2 = 0.51). While own a vessel alone (β = 2.86, p < 0.001) was the most significant factor influencing support for the post survey sample. The regression explained 44% of the total variance (R2 = 0.4424).



DISCUSSION

Our interest has been to explore the role that value-oriented, ecosystem-based interventions can play in environmental education and fisheries management. This study showed that EwE treatments altered perceived behavioral control of fishers, and that values, personal norms and fishing attributes were factors that influenced pro-environmental behavior in the GoN. Details on these findings are discussed below.


Influence of Cognitive and Fishing Characteristics on Pro-environmental Behavior

Regression analysis supported the first hypothesis of this study, in terms of the potential that personal norms have to explain the intention to support sustainable fishing, both in the pre-survey (support sustainable fisheries measure A) and post-survey (support a 25% fishing reduction, measure B). By definition, PN are defined as one’s own expectations of specific actions in particular situations that are constructed by the individual and this is relevant since such expectation has proven to be a direct prerequisite for expressing pro-environmental behavior (Stern et al., 1999; Klöckner, 2013) and be related to compliance with management measures in small-scale fisheries (Battista et al., 2018).

Universal values (Schwartz and Bilsky, 1987), both biospheric and altruistic, as well as egoistic, showed potential to explain the support (or lack of it) to reduce the fishing effort by 25%, as has been found in other studies of environmental behavior (Steg et al., 2005; van Riper and Kyle, 2014). Since egoistic values focus on the individual’s own life over taking care of other people or the environment, they tend to have a negative influence on the prediction of support (de Groot and Steg, 2010), which is the case for measure B in the pre-survey before the workshops. It is noteworthy that after the workshops and the deliberation process, a change is identified and the biospheric and altruistic values showed a significant positive influence in supporting the reduction of fishing effort, which makes a call for educational programs that promote an orientation in values (de Groot and Steg, 2009); for instance, informational interventions can make those who care deeply about the environment more inclined to act in accordance with its values (Bolderdijk et al., 2013). Values are developed at an early age and can remain relatively stable during an individual’s life (Manfredo et al., 2017), therefore, complementary options include educational programs aimed at children and young people (tentatively future fishers) to call the attention to the importance of nature and promoting early care relationships with their environment (Menzel and Bögeholz, 2009).

In addition to cognitive indicators, fishing characteristics, such as fishing gear and fishing sites played a role in explaining support for sustainable fishing in the GoN. Owning fishing vessel also proved to be one of the factors that influence the ownership of a fishing license. The coefficients for fishing profits, fisheries organization, and gender were not significant in this case. The fishing gear variable showed a significant positive coefficient in the regressions, indicating that fishers using large mesh sizes (gillnets for finfish ≥ 3 inches) tend to support general notions of sustainability of fishing (measured A) and a 25% reduction in fishing effort (measure B). In other words, fishers using gillnets ≥ 3 inches to catch finfish tended to choose management measures that favored rebuilding the biomass of predatory fish over earnings. This is understandable, since in practice they are already utilizing sizes considered legal for the protection of juvenile fish. Illegal fishing is a serious threat to sustainability in the Gulf of Nicoya, and although mesh sizes <3 inches are prohibited, the use of 2.5 and 2.75 inches is widespread. A reflection of this is that 80% of corvina catches in the 2010s have not reached the size of spawning maturity (Alms and Wolff, 2019).

The fishing site variable showed statistically significant coefficients to support a 25% reduction in fishing effort (measure B). Participants fishing mainly in the middle of the Gulf (Costa de Pájaros) support rebuilding the biomass of predatory fish over earnings. In contrast, fishers whose fishing site is the outer Gulf (Paquera-Tambor) show opposition to the measure. The combination of fishing with other economic activities such as tourism in the Paquera-Tambor sector (Chavez Carrillo et al., 2019) and less dependence on fishing activity, may explain the lower interest in supporting the fisheries management measure B. When considering the discussions in the workshops, the positive coefficients of measure B for the middle gulf seem to respond to a genuine interest in the reconstruction of the biomass of high trophic level species, motivated by the concern of the participants about the high fishing effort in the area and the associated problems of poverty in Costa de Pájaros (Fernández-Carvajal, 2013).

The variable owning a fishing vessel alone was found to be a statistically significant coefficient for measure C (ownership of a fishing license). The granting of fishing licenses in the Gulf of Nicoya is a management measure to ensure control of fishing effort and that fishers have access to fishing resources. The absence of a clear pattern of what may be influencing people to acquire a license (other than owning a fishing vessel), uncovers a great underlying problem: licenses are not granted under any technical or ecological criteria, and this is contributing to increase both mistrust among fishers and illegal fishing. Some of the fishers in this study expressed that unlicensed people would have less to lose if caught fishing illegally during a closure season: “The worst consequence in this case is that their gear would be confiscated.” There is a widespread perception among licensed fishers that others will continue to violate restrictions due to unlicensed fishing and a lack of concern for the environment. This has led some people to reconsider their own legal fishing practices, anticipating that others will fish illegally anyway; a social-ecological trap that needs to be addressed (Kittinger et al., 2013). EwE modeling can be useful to provide ecological feedback in redesigning a licensing scheme for effective control of fishing effort. In turn, behavioral interventions can also assist the process by addressing issues of mistrust, compliance and legitimacy among fishers. We refer to this last aspect below.



Changes Before–After the Ecopath Intervention

Average PBC scores, increased in the post-survey for those people who received the EwE lecture, probably attributable to treatment when differences between control and treatment groups are considered. This is promising, as perceived behavioral control is clearly associated with pro-environmental behavior in other studies (Kinzig et al., 2013; Klöckner, 2013; Clement et al., 2014). If people perceive that they are capable of changing behavior and implementing an action (PBC) – and they are guided with plausible routes to follow-, they are more likely to act accordingly (Klöckner, 2013). Given the changes in PBC scores, EwE interventions may be bringing fishers closer to concrete and possible pathways to sustainability, by presenting how a particular reduction in fishing effort has the potential to restore higher trophic level groups (a proxy of ecosystem health). Deliberation about management initiatives can influence not only the perceived ability of people to act (Kenter et al., 2016), but also the perception of the legitimacy of these initiatives (Dietz and Stern, 2008; Fujitani et al., 2017). Such validity is important for a measure to be implemented and is often behind the success of alternative forms of fisheries governance, such as co-management and collective action (Battista et al., 2018).

Educational interventions are recommended that allow people to perceive themselves as capable of implementing actions or changing their behavior, which, for example, strengthen co-management schemes (García Lozano and Heinen, 2016; Herrón et al., 2020) that already exist in the Gulf of Nicoya and combine them with deliberation strategies (Partelow et al., 2017). Integrating the EwE food web modeling approach into participatory processes can help people envision possible scenarios for the future and thus reduce some of the uncertainties associated with complex environmental problems (Steenbeek et al., 2020) characteristic of small-scale fisheries. This last aspect may be related to the greater perceived behavioral control by the fishers after deliberating with EwE. After the workshops, several of the participants’ comments indicated the need for more educational processes such as the current one, finding it as an attractive way to learn, we suggest that these types of interventions can act as an active learning process (Kenter et al., 2016) that also contribute to more legitimate and empowered ways of creating conservation plans.

Egoistic values decreased significantly in the post survey within the lecture presenting an EwE model (treatment) and a similar decrease also occurred within the control lecture (non-EwE). Though one cannot know for sure, this change observed in both the control and treatment could be due to social acceptability bias (Steenkamp et al., 2010) in response. This simultaneous change in the two groups is not attributable to the treatment, and illustrates the utility of a pre-test post-test control experimental design. On the other hand, altruistic and biospheric values did not vary significantly after the EwE lecture, however, is notable that their scores were already high from the beginning (Figure 4). Our study indicates that the baseline values held by fishers consulted in the Gulf of Nicoya tend toward altruistic and biospheric. This aspect coincides with (Bouman and Steg, 2019), who have indicated that the lack of action in favor of the environment is usually caused by people who structurally underestimate how much others care, rather than being caused by people who undervalue the natural environment. Consequently, highlighting that many value the environment and that they participate in concrete sustainability actions is key to inspiring pro-environmental actions at a broader level (de Groot and Steg, 2009; Bouman and Steg, 2019).



General Conclusion and Future Directions

People’s commitments to sustainability are influenced by a complex suite of factors (Nyborg et al., 2016), we found for the study sites in the Gulf of Nicoya that the support of three management measures was influenced by a combination of psychological and fishing characteristics, particularly universal values (biospheric, altruistic, and egoistic), PBC, norms (PN) and fishing attributes (fishing gear, fishing site and fishing vessel). Understanding cognitive indicators and human-nature relationships is key step in determining support levels for potential management measures.

The use of the EwE model combined with deliberation performed as an active learning approach that provided people with useful skills and encouraged their PBC to increase resilience to environmental change, which is a psychological construct greatly related to pro-environmental behavior in other studies (Kinzig et al., 2013; Klöckner, 2013; Clement et al., 2014). We propose that visualize and deliberating about possible future scenarios (via EwE modeling) helped reduce uncertainties associated with complex environmental problems and thus contributed to more legitimate and empowered ways of discussing such intricate issues and potentially of creating conservation plans. An important area for future research would be to follow the fishers longitudinally, conducting a post survey at a later date to detect the impact of the EwE intervention over time (for example, after 1 year as in Fujitani et al., 2017).

The baseline values for the fishers in this study tend toward altruistic and biospheric but due to high incidence of illegal fishing, people may be underestimating that many others do care about neighbors and the gulf’s environment. The lack of a clear pattern of what may be influencing people to acquire a license exposes a large underlying problem: licenses are not granted under any technical or ecological criteria, and this is contributing to increase both mistrust among fishers and illegal fishing. A scheme that grants licenses according to an ecosystem-based management for the effective control of fishing effort, is a necessary step for the sustainability of the gulf; ecosystem models can be very useful to assist in these processes. However, the absence of psychological characteristics that promote cooperation can negatively impact the effectiveness of a fisheries management system (Battista et al., 2018). Therefore, value-oriented and ecosystem-based educational interventions can also assist in an effective redesign of the licensing system and encourage participants’ already existing intentions to support sustainable fisheries measures. Our research indicates the importance of behavior interventions that teach about the impacts of fishing in the ecosystem while helping participants to perceive themselves as capable of implementing actions (PBC) and stimulating the expression of biospheric-altruistic values toward a trust restoration process.

The lack government resources for adequate surveillance in addition to the generalized problems of distrust among fishers, have been previously identified as two of the main factors that hinder compliance and collective action in the Gulf (Chavez Carrillo et al., 2019). Alternative types of governance systems, such as co-management, are emerging forces (García Lozano and Heinen, 2016) that already complement existing government policy in the region, but these alternatives depend on mechanisms such as norms and trust (Battista et al., 2018). Hence, investing in the development of capacities for self-organization and deliberation processes is vital for the sustainability of the SSF in the gulf (Chavez Carrillo et al., 2019). Complementarily, behavior change interventions can be developed to address misinformed beliefs (Ward et al., 2018), such as the generalized conception that people care little about the environment and others.

For future studies in the Gulf of Nicoya, we suggest the explicit incorporation of a relational (Chan et al., 2016; Klain et al., 2017) and systemic approach to values (Raymond and Kenter, 2016; Manfredo et al., 2017), to better understand the relationships between main agents of the fishing system (e.g., fishers, scientists, decision makers, a healthy ecosystem) (Skubel et al., 2019) and potentially to address some of the mistrust problems identified in the gulf. Relational values link people and ecosystems through relationships with nature, including the notions of a good life, such as trust in neighbors or a sense of purpose (Chan et al., 2016). By connecting with other people, the places that people care, the family and human well-being, nature can become part of what an individual cares for; therefore, as (Klain et al., 2017) suggest, appealing to those relational values has the capacity to improve connections with the natural world. Further exploration of the role of EwE interventions in terms of reconnecting actors with each other and with the ecosystems’ ability to support life is recommended.

The expression of biospheric, altruistic and tentatively relational values, carries the possibility of making more evident the prevalence of personal choices that already have a positive effect on ecosystems and other people (Bouman and Steg, 2019), which could potentially inspire trust among fishers, as well as new norms that would lead from individual to collective action (Nyborg et al., 2016). Since values are formed in childhood, value-oriented programs could also target young people (future fishers) to engage from an early age in new ways of relating to others and to ecosystems (Menzel and Bögeholz, 2009).

In order to complement government policy, non-governmental organizations (NGOs) can channel educational campaigns that strengthen trust among participants and other expected social reactions (Lucas et al., 2008; Mackay et al., 2018), for example, make visible certain behaviors within communities (Nyborg et al., 2016), such as the notion that neighbors are actually involved in sustainable fishing practices or specific social movements. Government agencies can make use of interventions that have already been tested in experimental contexts such as the current one, to implement at scale in the Gulf of Nicoya, and create participatory spaces that allow a better understanding of the PN and values of the actors involved in specific behaviors (Raymond and Kenter, 2016). Our research indicates the importance of behavior change interventions (Battista et al., 2018) and recognizes that redirecting human behaviors to reconnect with ecosystem resilience (Folke et al., 2016) can be a leverage point for sustainability (Abson et al., 2017) in the Gulf of Nicoya, and for the compliance of small-scale fisheries management measures.
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In recent decades, scientists and practitioners have increasingly focused on identifying and codifying the best ways to manage activities in marine systems, leading to the development and implementation of concepts such as the social-ecological systems approach, ecosystem-based management, integrated management, marine spatial planning, participatory co-management, and the precautionary approach. To date, these concepts appear as separate entities: they have parallel literature streams; have been applied most often individually in attempts to improve governance and management; and in many ways, seem to be competing for attention. This patchwork of approaches may be hindering effective ocean governance. We propose that desirable features from these frameworks could be woven together to form the basis of more effective and equitable ocean governance arrangements across contexts, sectors, and scales. This article synthesizes the efforts of an IMBeR (Integrated Marine Biosphere Research Project) conference session and working group, that brought together experts in these diverse concepts with the objective of producing a synthesis of how they could be more effectively integrated for improved ocean sustainability outcomes. We reviewed and compared the concepts in terms of (a) the need to achieve a comprehensive suite of sustainability objectives, (b) similarities and differences in their scope, and (c) their place in practical management, policy and regulation. Achieving greater cross-sectoral integration, or a more holistic perspective on management for sustainability is at the core of each concept. All deal with aspects of governance and most, with improved participation in governance. The major differences in the origin and historical application of each concept are reflected in the degree of implicit or explicit focus given to different objectives of sustainability. Overall, the concepts are especially strong for ecological and institutional or governance considerations, moderately strong for economic aspects, and weakest for the social-cultural pillar of full spectrum sustainability. There is no panacea, and no emergent hierarchy among concepts. Some concepts fit better with top-down legislation-based efforts, others with more bottom-up stakeholder driven efforts. The selection of the core concepts for a situation will depend in a large part on which concepts are specified, or demand focus, in the legal and policy context of the situation (or area) of interest. No matter how influential or dominant a single concept might be, pragmatically, different concepts will be used in different areas, and there may always be the need for a combination of concepts and objectives woven together to achieve a cohesive quilt of sustainability.

Keywords: ecosystem based management, integrated management, social-ecological system, marine spatial planning, precautionary approach, participatory co-management, IMBeR


INTRODUCTION
Achieving sustainability of social-ecological systems (SESs) in a changing world is a major challenge of the anthropocene (e.g., Ostrom, 2009; Leach et al., 2018). This challenge includes evolving perspectives of what sustainability actually entails, diverse and often conflicting values and perspectives on societal benefits and their equitable distribution, trade-offs among human activities and with conservation concerns, and recent acknowledgment of the need to account for global change (e.g., Ommer et al., 2012; Nash et al., 2017; Barange et al., 2018). This is a complex and transdisciplinary problem. It involves overcoming some historical legacies of governance of coastal and marine activities, including a fractured governance and management milieu (i.e., different activities governed and managed by different groups in different ways), an incomplete and disparate suite of objectives (some being normative), an insufficient ability to resolve conflicts and a lack of structure for evaluating cumulative impacts of multiple activities (Stephenson et al., 2019). In addition, the impacts of climate change on ecological systems are having profound effects on human systems including infrastructures, food systems, human wellbeing, and the suite of benefits that humans derive from the ocean (e.g., Allison and Bassett, 2015; Barange et al., 2018; Babcock et al., 2019; Díaz et al., 2019; IPCC, 2019). These include major changes in the physical environment (e.g., temperature, currents, sea-level, storms, and ocean acidification), which are impacting the distributions, productivity, and phenology of populations and species (IPCC, 2019). This dynamic nature of the ocean places management in a novel space with respect to decision making in the face of extreme and uncertain change. This is further confounded by an increasing human population, migration to the coasts, competition for space, transboundary considerations, and the recent emphasis on Blue Growth and the Blue Economy (Wenhai et al., 2019). Human-kind seems, at present, without the tools, or even a plan, to achieve sustainability in a fast-changing world (e.g., Barange et al., 2018; Doubleday and Connell, 2020).
Several concepts or approaches related to sustainability and management have emerged in the marine literature in recent decades, including ecosystem-based (or ecosystem approach to) management (EAM or EBM; FAO, 2003; McLeod and Leslie, 2005; Arctic Council, 2013; Long et al., 2015; Marshak et al., 2016; AORA, 2019), SESs approach (Berkes and Folke, 1998; Colding and Barthel, 2019), integrated management (IM; United Nations, 1982; Stephenson et al., 2019; Winther et al., 2020), marine spatial planning (MSP; Douvere, 2008; Santos et al., 2019), participatory co-management (PCM; Osherenko, 1998; Plummer and Armitage, 2007) and the precautionary approach (PA; Trouwborst, 2007; VanderZwaag, 2019). These are typically discussed in isolation or as separate entities – they have different origins in schools of thought and hence parallel literature streams, they have been most often applied individually in attempts to improve governance and management, and they seem to be competing for attention. To our knowledge, there has been no attempt to synthesize or integrate these ideas, despite the potential for knowledge-sharing and improving ocean governance.
In this article, which originated from a workshop/session at the IMBeR (Integrated Marine Biosphere Research Project) 2019 Open Science Conference, we focus on the relationships among concepts most commonly applied to the great challenge of “Sustainability under global change for the benefit of society”.1 To improve our understanding of sustainable ocean governance, we, the co-author team, examined a range of concepts for synergies, complementarities, and differences. We chose the suite of prominent concepts mentioned above as representative of the diversity in perspectives and approaches to coastal management and sustainability (we provide summarized histories and relevant attributes of the concepts in Appendix A as background to the main focus of the article). We considered inclusion of other concepts [for example, resilience (e.g., Holling, 1973; Lloyd et al., 2013), ecosystem services (e.g., Granek et al., 2009), adaptive governance (e.g., Österblom and Folke, 2013), sustainable livelihoods (e.g., Allison and Horemans, 2006), social license (e.g., Kelly et al., 2017), “DPSIR” (e.g., Patricio et al., 2016), and variations on concepts (such as integrated ecosystem assessment, and a range of co-management forms)]; however, we posit that the six concepts selected are representative of the spectrum of approaches that have evolved over the past few decades and remain in use today.
We reviewed the need to achieve a comprehensive suite of sustainability objectives and compared this group of concepts in terms of differences in their scope of considerations, their range of applications to date, and their place in practical management, policy and regulation. We hypothesize that the various concepts are complementary, and that they have the potential to form a “quilt” of sustainable ocean governance, where they can be “stitched together” in patterns that achieve a contextual and cohesive manner or design.



THE NEED FOR A QUILT: SUSTAINABILITY THROUGH GOOD OCEAN GOVERNANCE

Sustainability has emerged as the ultimate explicit goal, or desired outcome, of marine management in most countries, but the concept is complex (Nash et al., 2020). Maintaining the quality of life that the ocean has provided to human-kind, and distributing its benefits more equitably, all while sustaining the integrity of ocean ecosystems, has demanded a shift in how ocean resources and coastal areas are visualized, managed, governed, and used (IOC/UNESCO, 2011). The declaration of the upcoming UN Decade of Ocean Science for Sustainable Development (UNESCO, 2018) represents global acknowledgment of this challenge as a priority. International agreements and sustainable development legislation of many nations require sustainability goals across SESs with consideration of ecological, economic, social, cultural, and institutional aspects (e.g., García et al., 2014; Stephenson et al., 2018). The broad scope and complex interrelationships among the dimensions of sustainability suggest the need for comprehensive and coherent integrative approaches to support management decision-making. We propose that the primary need for a “quilt” is to ensure that a whole-of-system approach can be achieved by integrating multiple objectives into governance patterns or arrangements that can effectively implement a number of tools to achieve sustainability. In doing so, such a quilt should address the full scope of ecological, economic, social (including cultural) and institutional or governance considerations that comprise full-spectrum sustainability.

Table 1 integrates the scope of sustainability and governance considerations from the literature and the UN Sustainable Development Goals (SDGs; United Nations, 2018) with examples from relevant international agreements. Sustainability considerations incorporated in Table 1 include the broad scope of “triple bottom line” (Halpern et al., 2013), “four pillar” (Stephenson et al., 2018), or “full-spectrum” sustainability (Foley et al., 2020). Therefore Table 1 includes 13 sustainability components, or objectives; the commonly accepted ecological objectives of productivity, biodiversity, and habitat; economic objectives of financial viability, distribution of benefits, regional economic benefits, and livelihoods; social (including cultural) objectives of sustainable communities, health and well-being and ethical values and finally, explicit institutional objectives of achieving management obligations (including to Indigenous Peoples), the need for good governance [as described for example by Armitage et al. (2019) and effective management decision-making (e.g., Kenchington and Crawford, 1993)].


TABLE 1. The scope of “sustainability through good governance” is expressed across ecological, economic, social-cultural, and institutional or governance objectives of full-spectrum sustainability as represented in literature syntheses, with relevant examples in the UN SDGs, and phrases from international agreements.

[image: Table comparing sustainability objectives from literature, UN SDG targets, and international agreements. Sections include ecological, economic, sociocultural, and institutional/governance objectives. Each section lists specific sustainability goals like biodiversity, financial viability, and good governance. Corresponding UN SDG targets and examples of international agreements are provided for each, highlighting global strategies and obligations related to these objectives.]


SIMILARITIES AND DIFFERENCES IN SCOPE OF CONCEPTS

The author team held a workshop in June 2019 (IMBeR meeting) which included specialist presentations and subsequent discussions of the concepts. We were interested in exploring how various sustainability-related concepts compare, and how they contribute to sustainable ocean governance and management. The group was motivated to continue deliberation as an informal “working group” and did this in a series of face-to-face and virtual meetings, and email exchanges that continued for over a year. We worked to achieve consensus on the similarities and differences in the six core concepts listed above.

Table 1 and the background on concepts summarized in Appendix A (and articulated in detail in Supplementary Table 1) were used to determine the similarities and differences in scope of the core concepts, with respect to the 13 sustainability objectives (first column of Table 1), using the collective expert knowledge of this team of authors. The authors co-developed the concept summary over a period of several months via virtual meetings and sub-teams, which also served to deepen understanding of concepts for which some authors considered themselves less familiar. Each author then independently ranked the degree to which they considered each concept included each of the 13 sustainability objectives listed in Table 1. After considering several qualitative scoring options, a three-level rubric was used, where: 0 = no consideration, 1 = implicit consideration, 2 = explicit consideration of the objectives.

Figure 1 shows the degree of agreement, and disagreement, among authors regarding the extent to which they perceive concepts to include the various objectives of full-spectrum sustainability. Whilst the authors used all three scores, the predominant scores were 1 (implicit consideration, 44%) and 2 (explicit consideration, 39%). We evaluated patterns in the individual scores and were satisfied that differences in disciplinary expertise, or associations among authors did not lead to clustering in scoring patterns.
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FIGURE 1. Agreement among authors for the objectives (rows) considered in each concept (column). Frequencies of 17 authors’ rankings of the degree to which concepts emphasize each of the 13 sustainability objectives defined in Table 1. Left bar represents no consideration (score 0), middle bar represents implicit consideration (score 1), and right bar represents explicit consideration (score 2). SES, social-ecological systems; EAM, ecosystem approach to management; IM, integrated management; MSP, marine spatial planning; PCM, participatory co-management; PA, precautionary approach. The codes on the y-axis represent elements; E (Ecological), $$ (Economic), S (Social), and G (governance). Cells in red represent higher score agreement among participants (greater than or equal to 9 of 17 to a single score).


Scoring patterns across authors revealed the inclusion of each objective in each concept, and the agreement among authors (Figure 1). A spread of scores (i.e., 0, 1, and 2) indicates lack of consensus (blue subplots), while concentration of scores for objective-concept pairs indicated agreement (red subplots). Objective-pair concepts with predominantly scores of 2 (or 0) indicate inclusion (or absence) of the objective. There was consensus that EAM considers ecological aspects explicitly while PCM and SES consider those objectives only implicitly. PCM and IM cover institutional/governance aspects explicitly whereas PA is weak on economic, social, and cultural considerations. In general, there was less agreement on the degree to which social and economic aspects were considered in the concepts (more blue subplots in these rows).

The greatest consensus among the group was in respect to the scope of PCM and IM, with least agreement on the scope of the PA. With respect to objectives, there was greatest agreement on the considerations of habitat/ecosystem integrity, sustainable communities and governance structure, and least agreement for health/wellbeing and effective decision-making (Figure 1).

Each of the concepts aspire to improve sustainability but are founded within different disciplinary foci. Further, there are varying levels of implicit assumption(s) that these concepts would be undertaken in the appropriate governance/ecological/economic/social and cultural context. Consequently, different disciplinary experience or history will affect the perceptions of implicit or explicit inclusion of the sustainability objectives – hence, the variation displayed in Figure 1. Much of the lack of apparent consensus in the group relates to whether the objectives are considered explicitly or implicitly. Most authors agreed that most objectives were either explicit or implicit in all concepts (and in their implementation in practice). In only two cases (health and wellbeing, and ethical considerations in PA) was there a split in which some considered it explicit and others considered it to be absent (i.e., a U-shape histogram in Figure 1).

Figure 2 synthesizes the group’s determination of the relative attention of these concepts to full-spectrum sustainability. All concepts consider (explicitly or implicitly) ecological, economic, social-cultural, and institutional or governance aspects, but the results indicate that the concepts differ substantially in emphasis and therefore in their attention to the diverse sustainability objectives. EAM was considered to most strongly reflect ecological aspects, whilst PCM and IM most strongly reflected institutional or governance considerations. None of the concepts were strong in consideration of economic or social considerations, and the attention to social and cultural aspects was generally lowest. The concept of IM was considered to be the most balanced in consideration of the four dimensions of sustainability.


[image: Radar chart comparing six approaches: Social-Ecological Systems (blue), Ecosystem (orange), Integrated Management (gray), Marine Spatial Planning (green), Participatory Co-Management (red), and Precautionary (yellow) across four dimensions: Ecological, Economic, Social & Cultural, and Institutional/Governance, each measured from zero to one hundred percent.]

FIGURE 2. Relative emphasis of concepts related to full-spectrum sustainability, derived from scores of 17 co-authors. Each axis shows the percentage of the possible maximum score that could have been obtained from scoring by all objectives in each group for each concept by 17 co-authors. For example, the maximum score (2) for each of the three ecological objectives is 102. If the observed score was 51 for a concept, then the axis value would be 50%. Elements of the four axes are articulated in Table 1.




THE PATTERN(S) OF “PRACTICAL MANAGEMENT,” POLICY AND REGULATION

During the workshop and subsequent deliberations, the authors noted that the core concepts have all been advocated to improve sustainability and management. We observe that as the scope of sustainability has increased and as governance has evolved over time, these diverse concepts have been proposed in attempts to resolve major deficiencies. Use of these concepts is confounded by their differences in origin, disciplinary basis and historical application and development. Some are more aspirational (e.g., SES), some are applied (e.g., MSP); some are explicit in policies (e.g., PA), whilst others are not (e.g., PCM).

We attempted to place the concepts along a continuum, or in a hierarchy, that considers the degree to which they provide the framework or context for management, a strategy for practical management, or a tool or action of management, but this proved elusive. While some concepts are more theoretical and others more applied, the concepts have been implemented across a spectrum of situations and consequently, their uses have evolved over time. We determine that each of the concepts provide some context and may be used strategically or tactically in different situations.

Social-ecological systems provides an overarching theoretical context for sustainability that explicitly includes the societal and natural systems, but it is generally not specified in policy documents. As noted in Appendix A, this concept has been used more as an evaluative tool than as a practical framework for implementation of sustainability. This likely reflects the continued difficulty of agreeing on societal value systems at the level of policy documents, leaving implementation to specific management cases where various categories of tradeoffs can directly be addressed. As a consequence, outcomes will be uneven, as reflected in the low agreement in scoring of the social/cultural objectives depicted in Figure 1.

Participatory co-management focuses on the critical aspect of good governance, and in doing so enables many of the other objectives required for full-spectrum sustainability. While not prevalent in policy documents or legislation, it was considered by our team of authors to be one of the most comprehensive of the concepts (Figure 1; i.e., it included 11 of the 13 sustainability objectives, explicitly or implicitly).

Precautionary approach was considered to be the narrowest of the concepts in disciplinary scope, likely reflective of the fact that it emerged in the mid-1990s to improve governance of ecological aspects. The diverse interpretations of the PA in the literature and in national policies further underscore the variation in our results. Importantly, in those cases where it is applied, it continues to provide critical guidance for decision-making around ecological sustainability.

Marine spatial planning is popular in the practical implementation of solutions around multiple, conflicting objectives, but is also considered in some cases to be a framework for implementing other concepts (including IM and EAM). This concept offers a relatively reductive, technocratic approach from the field of “planning.” It may include diverse objectives and may be applied in collaborative or participatory governance arrangements, but its emphasis is on plan implementation, and thus, it is relatively narrow in scope compared to some other concepts.

At the moment, sustainability may be most comprehensively and practically implemented through EAM and IM which occur commonly in international agreements, increasingly in national legislation and policy, and claim to offer practical frameworks for management. Both are being implemented through regional management plans (in the case of IM) or in integrated ecosystem assessments (for EAM). However, while the definitions are growing more comprehensive and more similar (e.g., Smith et al., 2017; Stephenson et al., 2019), and in spite of attempts to promote these as overarching and common frameworks, the comprehensive definitions have generally (to date) been applied more narrowly with a focus on ecological considerations. Case studies are now emerging where the challenging process of full-spectrum sustainability is being carried through to implementation [e.g., Integrated Management of the NSW Marine Estate (Brooks et al., 2020); Canadian North Pacific Coast Integrated Management Plan (Appendix A); and US Integrated Ecosystem Assessments (Harvey et al., 2016)].



DISCUSSION: TOWARD A QUILT OF SUSTAINABLE OCEAN GOVERNANCE

A typical quilt is made of patches of material that are layered, arranged spatially, and stitched together in a way that forms patterns not only of color, but also of stitching (or quilting) on an item that is complete and intact (i.e., with no gaps). In the same way, we recognize that ocean governance consists of diverse objectives and concepts that can be assembled and used together in different ways to form a comprehensive governance approach with management outcomes that relate to – or “cover” – the whole system.

The concepts discussed in this article emerged from different situations and have been used (most often singly and differently) to fill perceived gaps or deficiencies in management for sustainability…to “patch things up.” Here, we have collated differences and similarities to compare across these concepts and objectives, to guide their future application to achieve management goals and sustainability targets. We have demonstrated that while there are differences in opinions among our group with respect to the specific details, the concepts differ in their attention to the various aspects or objectives of sustainability. Our results depicted in Figures 1, 2 show not only the relative strengths of the concepts, but that overall, the concepts that are especially strong for two pillars (ecology and institutional or governance), weaker for economic aspects, and weakest for the social-cultural pillar of full spectrum sustainability.

We note that different groups are using these approaches from different perspectives and in different ways. There are differences in opinion in the literature regarding the dominance or hierarchy of concepts, with claims that the overarching concept or the prime concept for implementation is, or should be, SES (e.g., Ostrom, 2009), EAM (e.g., CBD, 2003), IM (e.g., Brooks et al., 2020; Winther et al., 2020), and MSP (e.g., Domínguez-Tejo et al., 2016). The concepts differ in their “visibility” and acceptance in different parts of the world, much of this reflects the difference in explicit reference to the concepts in legislation. For example, PA and EAM are widespread in legislation and international agreements, whilst IM and MSP are less commonly specified, and SES and PCM are most often only implicit. These regional legislative differences in reference to concepts have contributed to differences in their use and application, and to the confusion that currently exists. Further, we suggest that groups have invested in, and therefore become set and attached to, their use of a particular approach, or “comfortable patches” (akin to a patch or color on the quilt), which has contributed to the isolation of approaches. The results of this study offer a means to view this suite of approaches with an understanding of their relationships (similar and dissimilar) with other approaches, tools and outcomes.

These concepts have evolved over time. While there is a range of definitions, the definitions are becoming more comprehensive, and the broad recent definitions of EAM and IM are now very similar (e.g., Smith et al., 2017; Stephenson et al., 2019). We predict that the concepts will continue to evolve to include the objectives of full spectrum sustainability. However, to date, differences between the broad comprehensive definitions (i.e., of what the concept is intended to do) and the narrower scope of their implementation remain.

In this article, we have tried to identify the strengths and weaknesses of core concepts. We conclude that there is no panacea, and that no matter how influential or dominant a single concept might be, pragmatically different concepts will be used in different areas, and there may always be the need for a combination (patchwork quilt) of concepts and objectives used together to achieve and improve sustainability. The selection of the core concepts for a situation will depend in large part on which concepts are specified, or demand focus, in the legal and policy context of the situation (area) of interest. But we suggest there is scope in the implementation of any of these concepts to supplement with, or borrow from, other concepts to achieve full spectrum sustainability. For example, the application of EAM could include institutional considerations (as found in PCM), and social/cultural considerations (from SES) and economic objectives (more prevalent in IM/MSP) to be comprehensive. We suggest that the quilt is a good analogy – and that practitioners with knowledge of the relative strengths and weaknesses of concepts can arrange patches as required to form a complete and effective management system. That arrangement may be different (different patterns) for different situations, places and issues to be addressed.

Governance and management of marine activities have evolved rapidly over the last two decades, with the realization that improved coastal and ocean management can only be achieved through a more comprehensive and consistent approach to management across the numerous and dynamic activities occurring within and affecting marine systems (e.g., Maxwell et al., 2015; Brooks et al., 2020). This is a fundamental departure from the generally accepted mode of individual activity-based marine (especially fisheries) management, which most often focuses on ecological aspects of sustainability of a single species/fishery. Today’s broader perspective recognizes the need to engage with the multiple facets of sustainability and multiple activities, and the focus has now shifted to the more explicit incorporation of governance, economic, and social equity/participatory objectives in an endeavor to effectively implement broader outcomes (e.g., Hobday et al., 2018). The objective of “sustainability” in the modern context of sustainable development implies an adequate performance of ecological, economic, social-cultural, and institutional objectives (also referred to as full-spectrum, four pillar or “triple” bottom line sustainability). This demands the use of a SESs context, and a focus on governance and practical management.

Improved governance and management to achieve full-spectrum sustainability is the key to meeting the targets of the SDGs. In this article we have articulated the full scope of objectives (Table 1), evaluated the relative strength of sustainability-related concepts, and proposed the use of a quilt of approaches for better addressing ocean sustainability and the related SDGs. We are staring at a great opportunity of knowledge integration and improvement of the quilt of approaches with the UN Decade of Ocean Science for Sustainable Development (2021–2030), not only among scientists but also across different sectors. We suggest that it is useful to think of the quilt, comprised of the objectives and elements considered in this article, as compiling “best practice,” and as the basis for a coherent approach sustainability in the face of global change. The patterns may look differently in different situations, but they will be recognizable as the quilt(s) of sustainable ocean governance.

The co-authors of this article embody diverse disciplinary expertise and experience of the concepts discussed; most of the authors had direct experience in application of one or two concepts. Through participation in the symposium, resulting discussions, and the development of the concept summaries, we sought to overcome differences in understanding in order to compare concepts. Despite this experience, we are mostly researchers and not managers, therefore our approach to ranking some of the objectives (in Figure 1) may differ from other groups who might repeat this exercise. We encourage scientists, managers, and stakeholders to use, refine and expand this quilt idea by experimenting with it in different geographical and regulatory contexts. Others may also be interested in comparing additional sustainability-related concepts and in using other methods for reflecting agreement among group members. Such additional analyses could add depth or “color” (additional patches) to the quilt of sustainable ocean governance.

The challenge of integrating the diverse objectives of full spectrum sustainability articulated in Table 1 is an inter- and transdisciplinary one. The consideration of ecological, economic, social/cultural, and institutional objectives, in an integrated way in coastal and ocean management evaluations and decision making, requires the integration of diverse stakeholders, disciplinary expertise and methods. Therefore, a major challenge in designing and creating the quilt of sustainable ocean governance requires forming and supporting teams that are interdisciplinary (across natural and social sciences and the humanities), and transdisciplinary (interdisciplinary collaboration and co-creation of knowledge with stakeholders) approaches. However, these approaches are challenging in practice across many aspects (Grilli et al., 2019; Kelly et al., 2019), and are not yet commonly used by coastal and ocean assessment and management agencies. There have been increasing calls for interdisciplinary research proposals, and development of interdisciplinary initiatives, but until recently, functional interdisciplinarity has been haphazard and reliant on hard work and focus, as much as on serendipity. It is our hope that an appreciation of the history, core objectives, and similarities/differences of concepts should help to reduce the time required to establish interdisciplinary and transdisciplinary collaborations, in efforts to design (both comprehensive and coherent) quilts suitable for and across different regions.



CONCLUSION


Full-Spectrum Sustainability Remains a Critical Governance Challenge

There is increasing international interest in and attention to sustainability (e.g., SDGs). Sustainability requires consideration of ecological, economic, social (including cultural), and institutional objectives. We identified 13 objectives from literature, SDGs and international agreements, and evaluated how these diverse considerations are included in the six sustainability-related concepts (SES, EAM, IM, MSP, PCM, and PA). Achieving greater cross-sectoral integration, or a more holistic perspective on management for sustainability is at the core of each concept. All deal with aspects of governance, and most with improved participation in governance. Sustainability is a transdisciplinary problem that requires additional disciplinary capacities and methods in coastal and ocean management agencies.



No Single Concept Is a Panacea for Sustainability

The co-authors of this article found it difficult to have consensus on whether some sustainability objectives were explicit or implicit in concepts, because the six concepts differ in their origins, use and scope (or emphasis) on the diverse objectives of sustainability. Overall, the concepts are especially strong for two pillars (ecology and institutional/governance), weaker for economic aspects, and weakest for the social-cultural pillar of full spectrum sustainability. Practitioners should be aware of the relative strengths and foci of the different sustainability concepts. Sustainability concepts are evolving, and further progress will undoubtedly be iterative. Our results revealed no “continuum” or “hierarchy” with respect to the concepts considered in the article. Pragmatically, different concepts will be used in different areas depending upon the particular needs and focus sought.



Sustainability Requires a Quilt of Concepts and Objectives

We identify that, ideally, there may always be the need for a combination (i.e., a patchwork quilt) of concepts and objectives used together to achieve and improve sustainability outcomes. While some concepts are more prominent in legislation, and the selection of the core concepts for a situation will undoubtedly depend in large part on which concepts are specified in the legal and policy context of the situation (area) of interest, to achieve sustainability in its most comprehensive interpretation, a combination – or quilt – of conceptual approaches is optimal. We suggest that there is scope in the implementation of any of these concepts, for practitioners to supplement the concept, in efforts to achieve full spectrum sustainability. We propose that the quilt is a strong analogy – and that practitioners with knowledge of the relative strengths and weaknesses of concepts can arrange patches as required, to collaboratively form a complete and effective management system. We recommend that it is useful to think of the quilt, comprised of the objectives and elements considered in this article, as compiling “best practice,” and as the basis for a coherent approach to sustainability in the face of global change.
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FOOTNOTES

1The theme of this volume is “Sustainability under global change for the benefit of society.”
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APPENDIX


TABLE A. Key definitions, scope, and applications for six sustainability concepts: SES, social-ecological systems approach; EAM, ecosystem approach to management; IM, integrated management; MSP, marine spatial planning; PCM, participatory co-management; and PA, precautionary approach.

[image: A table outlines different management approaches with three columns: "Key definition," "Scope of consideration," and "Primary applications." Each row describes a different approach: SES, EAM, IM, MSP, PCM, and PA. The definitions cover integrated complex systems and adaptive management, highlighting considerations like human and ecological integration, and balancing activities with stewardship. Applications range from evaluating community-based systems to integrating management practices across governmental and maritime domains. The table is detailed and references various studies and cases to support the information. Further information is indicated to be available online.]
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Climate change is anticipated to have long-term and widespread direct consequences for the European marine ecosystems and subsequently for the European fishery sector. Additionally, many socio-economic and political factors linked to climate change scenarios will impact the future development of fishing industries. Robust projection modeling of bioeconomic consequences of climate change on the European fishing sector must identify all these factors and their potential future interaction. In this study, four socio-political scenarios developed in the EU project CERES (Climate change and European aquatic RESources) were operationalized and used in model projections of marine wild capture fisheries. Four CERES scenarios (“World Markets,” “National Enterprise,” “Global Sustainability” and “Local Stewardship”) were based on the IPCC framework of Shared Socio-economic Pathways (SSPs). For each of these scenarios, a set of quantitative outputs was generated to allow projections of bio-economic impacts to mid-century (2050) on wild-capture fisheries operating in different European regions. Specifically, projections accounted for future changes in fisheries management targets, access regulations, international agreements, fish and fuel prices, technological developments and marine spatial planning. This study thoroughly describes the elements of these four fisheries scenarios and demonstrates an example of the “regionalization” of these scenarios by summarizing how they were applied to the North Sea flatfish fishery. Bioeconomic projections highlight the importance of future developments in fuel and fish price development to the viability of that and other fisheries. Adapting these scenarios for use in other models and regions outside the 10 European fisheries examined in CERES would be highly beneficial by allowing direct comparison of the bioeconomic risks and opportunities posed by climate change.

Keywords: climate change, fishery, scenarios, economic, SSP, SIMFISH, PESTEL, socio-political


INTRODUCTION
Climate change will likely impact all food production systems (Wheeler and Von Braun, 2013; Hoegh-Guldberg et al., 2019). The effect of climate change on fisheries is already visible in some regions (Hobday and Pecl, 2014) and the threat is expected to spread to more fisheries and fishery-dependent communities worldwide (Sumaila et al., 2014; Hobday et al., 2016; FAO, 2020). Given the expected increases in human population, the demand for secure, safe and sufficient food, including wild-caught fish will increase (Jennings et al., 2016; FAO, 2020). It is, therefore, critical to anticipate the effect of climate change on the current production systems to help transition operations so that they are more sustainable, climate-ready and economically viable in future.
Changes in the environment in which fishers operate are likely to impact the profitability of fisheries. Widespread changes are anticipated across European waters, placing current fisheries under pressure to adapt (Peck and Pinnegar, 2018). Direct impacts of climate change on the distribution and productivity of marine fish stocks have already been observed (ICES, 2017b; Baudron et al., 2020) and are expected to continue. To remain profitable, fishers will try to follow their targeted stocks (Hamon et al., 2014). At the beginning of the EU Common Fisheries Policy (CFP), Member States were allocated quota shares (except in the Mediterranean Sea were few stocks are managed with catch quotas) based on catches from a historical reference period (1973–1978) and those shares may not reflect the current or future catch possibilities of the fleets (Hoefnagel et al., 2015; Penas Lado, 2016; Sobrino and Sobrido, 2017). Due to this ‘relative stability’ arrangement in the CFP, changes in the distribution of fishing effort are expected to lead to access conflicts when shared European fish stocks move over jurisdictional boundaries. In addition, some fish stocks that were primarily located in EU waters are expected to continue migrating out of these boundaries. Some stocks have already been reported Northward in the waters of countries outside of the EU such as Iceland and Norway, leading to disputes regarding access rights (Astthorsson et al., 2012; ICES, 2017b; Boyd et al., 2020; Østhagen et al., 2020).
How management measures can best address the challenges brought by climate change while creating spatial solutions for emerging marine activities such as offshore wind energy, and maintaining sustainable fisheries, is uncertain. International cooperation, necessary to rise to the challenge of implementing flexible and adaptive fisheries management and commit to ambitious climate change mitigation measures may be threatened by an apparent increase in nationalistic focus such as the exit of the United Kingdom from the European Union (Brexit, see Phillipson and Symes, 2018). Furthermore, international markets also affect the fisheries. European marine wild-capture fisheries compete with seafood production systems from all over the world, impacting the price of fish garnered by European fishers. Similarly, prices of fossil fuel are determined at the global level. For all the above-mentioned factors, many options or directions are possible and predicting what will happen in the future with any certainty is impossible.
The EU funded research project CERES created and tested a set of contrasting socio-political and climate change scenarios (Kreiss et al., 2020; Pinnegar et al., 2021) to inform both industry and policymakers on the potential future development of fisheries and aquaculture in Europe. Such information is needed to develop climate adaptation plans. These scenarios did not previously exist for European aquaculture and fisheries sectors but could be built based on previous scenario frameworks (e.g., Groeneveld et al., 2018) updated to incorporate the latest insights with regard to Shared Socioeconomic Pathways (SSPs) (see e.g., O’Neill et al., 2014; Fricko et al., 2017; Fujimori et al., 2017; Kriegler et al., 2017; van Vuuren et al., 2017 for specifics on the four scenarios developed in here). To enhance their usefulness, scenarios included elements needed to apply bioeconomic models to marine fisheries. The present paper, describes the narratives created for European fisheries using the four generic scenarios (“World Markets,” “National Enterprise,” “Global Sustainability,” and “Local Stewardship”) presented by Pinnegar et al. (2021). In the following, we described how these scenarios were applied to European fisheries including quantitative, regionally specific values or assumptions needed to apply bio-economic models of fisheries. The scenario elements were based on the PESTEL approach, a concept frequently used to examine external factors potentially influencing a particular business or company (Johnson et al., 2017). PESTEL is a mnemonic, which in its expanded form denotes Political, Economic, Social, Technological, Environmental and Legal.
The four scenarios (conceptualized in Figure 1) were based on combinations of the IPCC Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs). They include contrasting capacities for climate mitigation and technological development, perspectives on cooperation from local or global, and economic or environmental drivers. The ethos behind those scenarios is detailed in Pinnegar et al. (2021) and only summarized here. The World Markets (WM, RCP 8.5, SSP 5) scenario corresponds to a highly connected world where regulations exist to supplement the market functioning. Technological development is high and nature is seen as an asset. Under the National Enterprise (NE, RCP 8.5, SSP3) scenario, emissions are high, nationalism is prominent, borders are closing and international cooperation is low. In this scenario, little technological development is achieved. The Global Sustainability (GS, RCP 4.5, SSP1) scenario includes international collaboration driving, among other things, technological developments to mitigate climate change. The Local Stewardship (LS, RCP 4.5, SSP2) scenario promotes local solutions for self-sufficiency. Technological development is slower in LS than in the global scenarios (WM and GS). Broad narratives of these four scenarios were developed for fisheries and aquaculture (Pinnegar et al., 2021).


[image: Matrix diagram with four quadrants labeled by economic and environmental focus. Top-left: "World Markets," RCP 8.5 - SSP5. Top-right: "National Enterprise," RCP 8.5 - SSP3. Bottom-left: "Global Sustainability," RCP 4.5 - SSP1. Bottom-right: "Local Stewardship," RCP 4.5 - SSP2. Axes indicate climate change impact versus technological development, and global versus local impact.]

FIGURE 1. Conceptualization of the four CERES scenarios in terms of impact and adaptation. Direction of the arrows indicates an increasing development/impact. Double arrows indicate diverging socio-political focus.


The present study has two main objectives. First, we use the flexible and ‘scalable’ CERES scenario framework (Pinnegar et al., 2021) and operationalize it for use in bio-economic models of European marine wild-capture fisheries systems spanning from the Mediterranean to the Arctic. Then, we provide an example of how these scenarios were applied to assess the future profitability of the Dutch flatfish fishery using the SIMFISH model. The approach described here outlines how this scenario framework can be applied in other regions of the world, to fresh water fisheries or indeed to aquaculture (see Kreiss et al., this issue).



OPERATIONALIZING THE CERES SCENARIOS FOR EUROPEAN FISHERIES

We “operationalized” the four CERES scenarios [see Pinnegar et al. (2021) and Figure 1] to yield quantitative information needed to apply fisheries bio-economic models. The future trends and changes in the political, economic, social, technological, ecological and legal environments were defined using various sources of information. This included information gained from the available (gray) literature, from organizing and participating in stakeholder meetings involving fishers, fisher representatives, policy makers and marine spatial planning experts, from collated unpublished model results, and from consulting legislation texts and legal experts. The mid-century (2050) values of the variables included in the four fisheries scenarios and their sources are summarized in Table 1 and detailed in the following sub-sections following each component of the PESTEL approach.


TABLE 1. Political, Economic, Social, Technological, Ecological and Legal (PESTEL) variables and their differences among the four CERES scenarios.

[image: Table displaying different management scenarios for fisheries under four policy frameworks: World Markets, National Enterprise, Global Sustainability, and Local Stewardship. Each framework is analyzed across political, economic, social, technological, ecological, and legal factors. Levels of exploitation, allocation of fishing rights, trade, spatial planning, fuel and fish prices, labor, company types, fuel efficiency, stock distribution, and marine protection are discussed. The table includes expert judgments and references to studies for each framework. Scenarios cover the years 2016 to 2050, with variability in fishery management outcomes.]The choice of variables included in the following sections was mainly driven by model needs. Depending on the modeling approach, the number variables can be modified. A few additional elements, typically more qualitative variables identified by stakeholders as important to take into consideration for the future, were also included.


P – Political Factors

The political factors of a PESTEL analysis are about government’s interventions in the economy or a certain industry. Our fisheries scenarios included four political factors. The first one is the exploitation level linked to Total Allowable Catch (TAC) or effort level, setting how much can be caught in total. The second one defines who has access to the fishing rights, at the begining through the initial allocation and also how this can evolve through tradability of those rights. The third factor, marine spatial planning, can be used in spatially explicit models to restrict the area access to fleets. The fourth and last political factor, seasonal closures, can be used to restrict the temporal access to fleets or limit the effort each vessel can spend on a fishery.


Exploitation Level

The current management target for EU fisheries is the maximum sustainable yield (MSY), i.e., the maximum level at which a natural resource can be exploited at equilibrium without long-term depletion. MSY levels are typically defined within a single species stock assessment approach that assumes perfect knowledge and control. Due to this, the estimate of the actual status of a fishery can be highly uncertain and deviate from MSY targets, especially considering environmental variability and wider ecosystem interactions (Pascoe et al., 2017; Rindorf et al., 2017). In the case of mixed fisheries, where different fleets catch many different species, MSY-related targets cannot be simultaneously achieved for all species (Maravelias et al., 2012; Ulrich et al., 2017). In such case, alternatives such as multispecies-MSY or Maximum-economic yield (MEY) can be considered (Pascoe et al., 2015; Hoshino et al., 2018). For each scenario, we estimated exploitation rates relative to the exploitation rate at MSY (for European fisheries, these are usually directly available or available by proxy). Those estimates (see first row of Table 1) have been validated in the EU context by M. Dickey Collas, the chair of the Advisory committee of ICES (ACOM) providing scientific advice to the EU for setting TACs.

In the World Markets scenario (WM), fisheries are expected to operate at their most efficient level from an economic perspective. The companies consolidate to the point of pseudo-monopoly and the fish stocks are exploited at MEY or the level of exploitation that maximizes the profit of a fishery, expressed as the difference between revenue (proportional to the yield) and the cost of fishing (assumed proportional to the exploitation rate, see Figure 2). The exploitation rate associated with MEY is typically estimated at 80% that of MSY (Pascoe et al., 2015; Hoshino et al., 2018).


[image: Graph depicting productivity versus exploitation rate/effort. The solid curve represents Yield/Revenue, peaking and declining as effort increases. The dashed line shows Cost. Key points are marked: World Market (red, 0.8 Emsy), Global Sustainability (orange, 0.6 Emsy), Local Stewardship (blue, Emsy), and National Enterprise (green, 1.1 Emsy).]

FIGURE 2. Exploitation levels for the four CERES scenarios relative to the exploitation rate/effort associated with the Maximum sustainable yield (Emsy).


The National Enterprise scenario (NE) anticipates conflicts between nations exploiting shared stocks. The lack of agreement on how to share Total Allowable Catch (TAC) among nations, and the local political mindset to maintain the largest possible fleets that provide employment, leads to the overshooting of the sustainable TAC and, in the long-term, to the overexploitation of stocks at about 110% of the MSY exploitation level. The overshooting of quota due to climate-driven shifts has already been observed in case of Northeast Atlantic mackerel (Scomber scombrus), where a shift in distribution toward the northwest has led to increased catch by Iceland, the Faroe Islands and Greenland. Meanwhile, the EU continued to claim its historical quota share based on the principle of relative stability (Astthorsson et al., 2012). The overexploitation assumed in the NE scenario is moderate compared to past exploitation levels observed between 2010 and 2015 in Europe (average of F/Fmsy ratio of 1.27 for overexploited stocks Borges, 2018) because all the nations are still expected to adhere to international agreements regarding sustainable exploitation of fish resources (e.g., the World Summit on Sustainable Development or Johannesburg Declaration).

In the Global Sustainability scenario (GS), priority is given to maintaining whole ecosystems. This approach results in a limitation of catches in mixed fisheries due to the “choke”1 effect of the least abundant commercial species and also the catch of vulnerable and endangered species, e.g., sharks and rays. Exploitation levels of the commercial species associated with “ecosystem MSY” are, therefore, reduced to 60% of the exploitation rate associated with MSY to prevent any species from going locally extinct due to overfishing (Kempf et al., 2016).

In the Local Stewardship scenario (LS), sustainability remains an important issue but the scope of regulation is limited to local resources. Therefore, the exploitation level associated with the current MSY for commercial species remains the management target.

For input-control fisheries (e.g., those that occur in much of the Mediterranean Sea), the catch limits of the four scenarios can be directly translated to effort levels through the yield-effort curve (Figure 2). Instead of reducing the unknown exploitation rate, the effort is reduced in direct proportion.



Fishing Rights Allocation and Tradability

Changes in the distribution of fish stocks and changes in access to fishing grounds raise the question of how the TAC or fishing effort should be shared amongst fishing fleets from different nations in the future (Baudron et al., 2020). Countries and fleets that are party to the EU CFP are able to operate anywhere within EU Community waters but are subject to the principle of ‘relative stability.’ For fisheries management and governance to be truly ‘adaptive’ to distribution shifts would require structures allowing access and allocations to be based on updated information that reflects current, and expected future conditions, and placing less emphasis on an historical track record (Pinsky et al., 2018).

In the WM scenario, economic aspects take precedence over a number of existing fisheries regulations. Typically, TACs can be distributed by privatizing all fishing rights, using individual transferable authorizations. Relative stability is initially maintained but allocation rights are traded (bought and sold) across borders. The resulting allocation will depend on the conditions set on trading the fishing rights. In this scenario, fishing rights are transferable without restriction on nationality or whether a specific rights owner performed the fishing themselves. Concentration of the rights in the hands of a few investors is expected as has been previously observed in the Netherlands (Davidse, 2001; Hoefnagel and de Vos, 2017) and in Australia (Morgan, 2001; Hamon et al., 2009) and the rights are subsequently leased out to fishers.

In the GS scenario, fishing rights are also transferable. Everyone is allowed ownership but only fishers are allowed to lease their rights. Leases would involve strict conditions regarding the sustainability of the fishing practices such as the gears employed. Owners thus practice increased stewardship of the resource and an aversion toward speculation. In this scenario, it would be possible for environmental NGOs to buy fishing rights that are subsequently not used in order to further decrease fishing pressure. An example of this approach has been the buy-out of licenses from coastal salmon fishers around the United Kingdom in recent years (CEFAS, 2015).

In the NE scenario, territoriality is very important and the share of fishing rights per nation reflects the distribution of fish in national waters, i.e., a concept now known as ‘zonal attachment’ (Fernandes and Fallon, 2020). This new allocation key is then strictly applied and fishing rights are not transferable in order to maintain a large national fleet.

In the LS scenario, zonal attachment is also used to ensure an equitable allocation of fishing rights to local people. In this scenario, rights are transferable within a country with limits on consolidation and rules maintaining the local link between ownership and fishing grounds (as seen in Iceland in Arnason, 1996).



Marine Spatial Planning

Spatial dynamics of multiple sectors and policy instruments (e.g., conservation areas, planned wind farm locations) are particularly important when projecting how climate change will impact fisheries (Queirós et al., 2016) and many of the bioeconomic models used in CERES are spatial in nature. In addition to fish stocks moving across borders and modifying access to the different fleets, coastal areas are also becoming increasingly busy with the development of human activities competing for space with the fishery. Unlike those new activities for which areas are reserved, fisheries are usually allowed to operate in the remaining open areas where concentration of fishing activities and competition between fleets increase (Janßen et al., 2018). We took the example of the development of spatial management plans in the North Sea as it is one of the most complex, multinational fishing ground in the world with extensive spatial plans regarding energy, transport, marine protected areas, military training zones and access to water of other jurisdictions. Not all of those activities will lead to access problems for fisheries, as it depends on the political decision on co-use (e.g., for windmill parks) for different type of fisheries and the intensity of area use (for transport and military for example). Pipelines and cables were disregarded as they are usually buried deeply enough to allow fishing activity.

Several of the authors of the present paper participated in two stakeholder workshops organized in 2017 by the Netherlands Environmental Assessment Agency. The workshops were attended by a variety of stakeholders including representatives of different sectors including fisheries, energy, sand extraction and recreation, government officials, environmental NGOs and scientists who worked on four spatial scenarios translated into maps by landscape architects. The consultations resulted in spatial scenarios for the Dutch part of the North Sea reported in Matthijsen et al. (2018). Their four scenarios align well with the chosen CERES scenarios and therefore were used for the North Sea. Those scenarios can be applied in other regions using the underlying rationale explained in the following sections (also reported in Matthijsen et al., 2018) and summarized in Table 2. Additional activities could also be included, such as offshore aquaculture.


TABLE 2. Marine spatial planning situation in 2050 in Europe for the different scenarios based on Matthijsen et al. (2018), to be adapted to regional context.
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Access to waters from other nations

In the two global scenarios (WM and GS), access to national EEZs (Exclusive Economic Zone) is granted to all fleets without distinction on nationality but conditioned on holding the proper authorizations and fishing rights for the area or stocks. In the GS scenario, fishing authorizations would be delivered under a sustainability condition. In the NE scenario, by contrast, only fleets from countries sharing the maritime area (for example the EU Member States) have access to their own waters. In this scenario, a hard Brexit is implemented and British fleets are restricted to UK waters and the EU fleets to EU waters. In the LS scenario, there is a growing interest for short value chains and local products, hence, fleets are less interested in international waters and restrictions are set on where they can operate.



Marine protected areas

In the scenarios with a stronger emphasis economic growth (WM and NE), nature is seen in a utilitarian way and many fewer areas are exclusively reserved for nature protection. One could argue that, in the long term, marine protected areas (MPAs) are beneficial for fisheries if they help rebuild stocks. However, given the uncertainty of those benefits in a changing environment (see Beare et al., 2013 for the North Sea example of the plaice box), we assume that the WM and NE scenarios have less regulation and enforcement of MPAs, and that other activities are also permitted within MPAs. Such activities might focus on energy production (oil and gas extraction or renewable energies) or food production through marine aquaculture or pelagic (but not demersal) fisheries (Matthijsen et al., 2018).

In contrast, many more MPAs exist in the scenarios emphasizing ecological sustainability (GS and LS). Those MPAs are organized into a cohesive network, aimed at maintaining the connectivity of the ecosystem. The geographical area covered by MPAs is larger in the GS scenario with a transboundary international network of nature protected areas than in the LS where the networks are organized nationally or locally (Matthijsen et al., 2018). In the GS scenario, as in the WM and NE scenarios, co-use of about 30% of the areas is envisaged but only for production of renewable energy.



Offshore wind energy

To reduce greenhouse gas emissions and reach the targets of the Paris Climate Agreement, energy will have to be increasingly produced by renewable sources. In an effort to make energy more sustainable, the development of offshore windmill parks has increased exponentially in the past 20 years (GWEC, 2019).

The current Dutch plans for offshore energy provide sufficient surface for the development of offshore energy up to 2030 for all scenarios (Matthijsen et al., 2018). For the NE scenario with the lowest development of offshore wind, current plans provide enough surface until 2050 which would still mean multiplying the 2016 production by a factor 12.5 and the surface dedicated to wind energy by 15 to 252 (see Table 2). In this scenario the areas are exclusively used for wind energy and only small vessels are allowed to pass through the wind farms.

The GS scenario anticipates the highest level of development of offshore wind farms leading to a wind energy production in 2050 that is 63 times higher than the current one. The area dedicated to wind energy would be 85 to 130 times larger. This extended area is also largely used as nature reserve, and in a small proportion of the wind farms, aquaculture and fishing with passive gears are also allowed (Bauer et al., 2017).

Between those two extreme scenarios, the WM and LS scenarios show development of offshore wind energy, respectively 23 and 33 times higher than the current production, multiplying the surface reserved for wind parks by 45–70 and 30–45.

Other sources of renewable energies could also be envisaged using similar reasoning, such as solar, wave or tidal energy. No information was available for those and they were therefore not included.



Other marine activities

Military training areas and shipping lanes are two other important uses of marine space. In 2016 areas reserved for military training represented 7% of the Dutch EEZ and shipping routes 6% (Matthijsen et al., 2018). When not used for training, military areas can be used for other activities without permanent structures such as shipping, fishing or aggregate extraction. Similarly, shipping lanes can be used for fishing under the condition that fishing vessels cross them perpendicularly.

In the scenarios with local focus (NE and LS) the current military training areas are used more intensely due to the international tensions limiting the time when those areas can be used for other activities. In the international scenarios (WM and GS) cooperation increases and the military areas are used less intensively. In the GS scenario the surface of the military training areas even decreases as nations share those areas for military exercise to make room for sustainable activities (renewable energy or MPAs).

In the scenarios with the higher emissions (WM and NE), the Arctic Ocean remains ice-free for a longer part of the year (CPB, 2015). This allows opening new shipping routes between north-western Europe and north-east Asia. In the GS scenario, shipping is subject to strict environmental regulations (e.g., on green house gases emissions and on ballast waters) while the traffic increases, current shipping lanes are expected to be sufficient. The LS scenario is the only scenario where no change in traffic is expected.



Seasonal Closures

As part of current management arrangements, some fisheries are subject to seasonal closures. These closures can be enforced to protect key life stages of well assessed stocks (Shih et al., 2009), to avoid incidental catch of vulnerable migratory species (Hunter et al., 2006), or to manage data-poor fisheries in areas where effort is the main tool to regulate fishing pressure (Demestre et al., 2008). The latter is the case for most fisheries in the Mediterranean Sea.

In the CERES project, seasonal closures were incorporated in models of the dolphinfish (Coryphaena hippurus) fishery in the Spanish Western Mediterranean (Peck et al., 2020). The opening of the fishing season, based on juveniles, occurs by law on August 25th and lasts until December 31st (Moltó et al., 2020). In the scenarios where climate change impacts are expected to be most dramatic (WM and NE) marketable sizes would occur 2 weeks earlier due to the effect of higher temperatures on growth (see empirical validated model in Moltó et al., 2020). Given the focus on local employment and production in the NE scenario, the opening of the season was also anticipated to begin 2 weeks earlier to allow the fishers to exploit the resource for longer, before the age-0 fish disappear from this artisanal fishery.

Other types of seasonal closure scenarios could be thought of while keeping with the ethos of the general scenarios (see Table 1 for suggestions).



E – Economic Factors

Most fleet dynamic models used in the CERES project include an explicit economic module where costs and fishing revenue are used to calculate profit of the fleets. Based on the EU Data Collection Framework (DCF) database, the three most important cost categories in European fisheries are labor costs, depreciation costs and energy costs representing, respectively 30%, 25% and 23% of the total costs (on average for all EU fleets over the 2008–2014 period, STECF, 2016). In most fisheries, labor costs or crew and skipper remunerations are calculated as a share of a “rest to be shared” (Guillen et al., 2017). This rest to be shared is calculated differently for each fishery but it is usually based on fishing income minus a number of operational costs (e.g., fuel costs). In CERES we assumed that the specific ways of calculating remuneration would remain the same and the salaries would differ because of the value of landings (affected by fish prices and catch composition) and some operating costs (affected by technological efficiency, fuel prices, effort level, etc.). Similarly, depreciation costs are linked to the number of vessels active in the fleet. As to energy costs, however, the price of fuel is exogenous to the models, set at the global level and shows large interannual variability (OECD, 2018).

Two exogenously set prices are of particular importance for fisheries: fish prices (directly proportional to income) and fuel price (proportional to fuel costs). Very few projections of fish and fuel prices are available and they either did not fit the SSP framework and our chosen scenarios (Groeneveld et al., 2018) or the period of projection did not extend to the mid-century time-slice used for simulation in CERES model applications (Msangi et al., 2013; DBEIS, 2017). Here, we used trends of nominal prices for each scenario, derived from the macro-economic general equilibrium model MAGNET (Woltjer and Kuiper, 2014) and we took the uncertainty around the scenario estimates into account by providing trends corresponding to the lower and higher bounds of the 95% confidence interval around the prices (see Table 1 for the estimates and Pinnegar et al., 2021, for more details).

Using general price trends to project future prices assumes the regulation of prices by demand rather than by supply. This is generally the case for fish which are highly substitutable products. For some high value species on the other hand, the volume of landings (supply) impacts the price of fish, a decrease in landings then leads to an increase in price. In addition to the general trend, fishers may influence the average price they obtain by targeting different portions of the fish stocks (sizes, seasons, etc.).



S – Social Factors

The models used in the CERES project did not explicitly include social factors. One aspect was noted during the stakeholder consultation about the structure of the sector. The type of fishing companies is expected to change in the future. Some consolidation, albeit in different forms, is expected in the global scenarios (WM and GS). Companies in the WM scenario will be large and reach a pseudo monopoly, moving from owner-operated fleets to fleets owned by investors and operated by employed-skippers. Within the GS scenario, companies are owner-operated but form cooperatives (groups) to make them more resilient. Cooperatives are also used in the LS scenario, where vertical integration improves access to the local market. Under the NE scenario, companies remain traditional, owner-operated with limited foreign investment.



T – Technological Factors

Technological innovations in fisheries are often linked to cost reduction, increased efficiency, increased sustainability and increased safety (Eigaard et al., 2014). The following technological factors were relevant for scenarios for bioeconomic modeling in the EU context.


Fuel Efficiency

Climate action is at the heart of the “European Green Deal,” with a long-term plan to reduce Greenhouse Gas (GHG) emissions, to invest in cutting-edge research and innovation, and preserve Europe’s natural environment. The “European Climate Law” (European Commission, 2020) aims to set in legislation the EU’s 2050 climate-neutrality objective, in line with scientific findings reported by the IPCC and the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES). This long-term EU strategy intends to reduce CO2 emissions by at least 80% of 1990 levels by 2050. According to official estimates, a 23% reduction in GHGs emissions has already been achieved between 1990 and 2018 (European Commission, 2018). In terms of fuel use. a further 74% reduction (at a minimum) must be achieved to meet the 2050 climate-neutrality objective. In CERES, we assumed the EU reached the target of a 75% reduction of fuel use by 2050 in the environmentally focused scenarios (GS and LS) and that half this objective, 37.5%, was obtained in the more economically driven scenarios (WM and NE). Those objectives are directly translated in the models as a gradual improvement of fuel efficiency until 2050 (i.e., the average fuel use decreases for the same effort linearly every year).



Gear Selectivity and Survival of Discards

To increase the sustainability of fisheries, improved gear selectivity and increased survival of discards are mandated in the GS scenario. In the LS scenario, improvements are also expected but to a lesser extent. These improvements can be achieved by modifying gears in order to leave the unwanted catch in the water, and adapting on-board processing to limit the time out of the water to reduce the damage to the fish (Reid et al., 2019). In the market driven scenarios (WM and NE), most catch is expected to find its way to market and have some value. Hence, there is little incentive to improve selectivity or avoid unwanted catch.



Catch Efficiency

Catch efficiency improves in the WM scenario where technological development will lead to enhanced catch rates. Due to lower technological development, the catch efficiency increases less in the NE scenario. No increase in catch efficiency is expected in the green scenarios (GS and LS) to ensure the sustainability of fishing practices.



E – Environmental Factors

Within the present context, ‘environmental‘ issues include the direct and indirect impacts of climate change on wild-capture fisheries. Fish distribution and productivity of stocks and characteristics of individuals (e.g., rates of fish growth and reproduction) can all change as a result of rising temperatures or changes in ocean chemistry. Here, we selected two diverging RCP scenarios, RCP 4.5, an intermediate build up of greenhouse gasses and resulting climate impact used in GS and LS (Hausfather and Peters, 2020) and RCP 8.5 which is a worst case scenario, used in WM and NE (see Figure 1). In CERES, those factors have either been included directly using physical forcings (for example in end-to-end model Atlantis, see Peck et al., 2020) or as input to the model (as in the example presented further).


Stock Distribution

The underlying distribution of fish is important for fisheries, as it determines access to fish. Historical fishing activity targeting specific stocks are an important identity of fishing communities (Peck and Pinnegar, 2018) and access to fish stocks may be blocked if fish stocks enter or depart different jurisdictions (Baudron et al., 2020). This has caused conflicts in European regions in the past and may continue to do so (Vinagre et al., 2011; Fernandes et al., 2017; Baudron et al., 2020). Even if access is maintained, distance from harbors to fishing grounds may be a barrier to continue fishing for part of the fleet as only the larger fishing vessels can follow the resource to distant fishing grounds.

Change in distribution is influenced by a number of factors including changes in temperature, primary production or change in habitat as well as different levels of fishing pressure. Because all species have a different tolerance to change, the effect of climate change on stock distribution is species-specific. A poleward shift of fish species is a natural consequence of habitat contraction/expansion (Poloczanska et al., 2016) and has already been observed worldwide (Cheung et al., 2010; Jones et al., 2013) and in European fish stocks specifically (Engelhard et al., 2011, 2014; Baudron et al., 2020). Existing data on European waters suggest that in the past, not only poleward shifts have been detected but a significant change in jurisdiction too (Baudron et al., 2020).



Stock Productivity

Larger fish stocks can sustain higher catch and changes in stock productivity also affect the total allowable catch as well as fishing costs. Arguably, catch per unit of effort is a proxy for the abundance of fish in a stock (Marr, 1951; Ricker, 1975; Harley et al., 2001; Erisman et al., 2011), meaning that, if stock size/fish abundance increases, catch per unit of effort also increases resulting in lower costs of fishing per kg fish caught.

Changes in productivity are often more challenging to estimate than changes in distribution because the former are often governed by a more complex set of physical and biological interactions compared to the latter. For example, the growth rate of fish is not only affected by the availability of food and key abiotic factors (such as temperature) but also by processes such as competition that is influenced by the amounts of losses (suffered through predation or fishing) and gains (due to reproduction). The complexity of processes impacting productivity is well described in the “reproductive resilience” framework (Lowerre-Barbieri et al., 2017), which includes aspects such as larval connectivity and spatial movements/migrations that can be hardwired into stock’s genetic pool. The existing biological projection models, both mechanistic, statistical or hybrid, suggest that, by mid-century, there will be a slight decrease in the productivity of several key stocks worldwide, mainly driven by deoxygenation and increased warming, with some effect of trophic amplification on biomass loss (Kwiatkowski et al., 2019), depending on the species/system. The effect of the management system (fishing intensity) is, however, likely to interact strongly with climate to change stock productivity.



Fish Quality

Fish quality, as defined by weight-at-age, condition factor, fat content, size, body shape and/or color influence the price per kilogram of fish and the value of the landings (e.g., Tasmanian rock lobster Jasus edwardsii in Chandrapavan et al., 2009; or Spanish Mediterranean species in Guillen and Maynou, 2015). The way body size influences price is species-specific. For some species, higher prices are obtained for larger fish (e.g., tuna species such as Pacific bluefin tuna Thunnus orientalis) while other species have a specific size range that commands a highest price (usually “plate-size”) compared to larger or smaller sizes (e.g., lobster, sole). The price obtained for pelagic fish often increases with fat content (e.g., tuna in Shimose et al., 2018). Body shape and color are also species-specific characteristics linked to the expectations of consumers whereas fat content, body condition and fish size may be influenced by changes in environmental factors such as prey availability. If information on how individual fish quality might change in the future is available, it can be included in economic simulation models.



L – Legal Factors

A wide diversity of laws, Directives and national legislations impact upon, or regulate wild-capture fisheries in the European region and the emphasis will differ under each scenario. In addition, there are treaties and regulations prescribing environmental objectives, such as mitigating climate change, that will play a larger role in the GS and LS scenarios. Here we describe two current regulations, the landing obligation and nature protection rules, and show how each of these would change in the different scenarios.


Landing Obligation

In the environmentally driven scenarios (GS and LS), the landing obligation will be fully implemented (Uhlmann et al., 2019). Selective gears will be developed to avoid unwanted bycatch and only few exemptions would be awarded (e.g., where there is proven survivability of discarded bycatch). In the NE scenario, the landing obligation is meaningless due to the many exemptions offered for economic reasons, providing little incentive to change fishing practices. In the WM scenario, the landing obligation is replaced by fully documented fisheries so that all catch is accounted for in scientific advice. This would allow the discarding of unwanted catch and lower the cost of sorting and handling of low value catch.



Nature Protection

Nature protection is important in the GS and LS scenarios. New regulations constraining fishing access to the most sustainable fishing practices are envisaged as well as a large network of marine protected areas. The connectivity of those areas is designed to help guarantee that conservation goals are attained. In the GS scenario, international cooperation leads to a transboundary network that can be partly combined with renewable energy. In the LS scenario, the networks are organized at the national level without transboundary continuity. In the market driven scenarios (WM and NE), MPAs are combined with other activities (e.g., wind farms) and only a few particularly damaging activities are restricted within these areas.



APPLICATION OF THE SCENARIOS – EXAMPLE OF THE NORTH SEA FLATFISH FISHERY

The fisheries scenarios described here were designed to be useful in a range of models and to be applicable across multiple case studies spanning from fisheries in the Mediterranean Sea to the Arctic. In the CERES project, these scenarios were applied in the end-to-end model Atlantis (Bossier et al., 2018; Hansen et al., 2019), in random utility models (Girardin et al., 2017), two spatially explicit bio-economic simulation models SIMFISH/FISHRENT (Simons et al., 2014; Bartelings et al., 2015; Rybicki et al., 2020), a bio-economic model for Mediterranean fisheries MEFISTO (Lleonart et al., 2003; Maynou et al., 2006) and Bayesian belief network approaches (Charniak, 1991; Levontin et al., 2011). In all of those applications, the four scenarios were adapted to match the capacity and characteristics of each model and the available data (Peck et al., 2020). The flexibility of the CERES fisheries scenarios framework is illustrated using a North Sea flatfish application employing the SIMFISH model. This flatfish case study and modeling approach are briefly described in this section whereas specific aspects of the scenarios and simulation results are described in a following section.

The SIMFISH model is a spatially explicit bio-economic model for fisheries based on the FISHRENT model (Salz et al., 2011). The model optimizes the total annual profit of fleets by adjusting the effort allocation of fishing fleets to areas and métiers while constrained by TACs, available biomass and a certain level of inertia (Bartelings et al., 2015). The model can include spatial closures. SIMFISH was run for a period of 35 years (2016–2050) using 2015 data as the initial conditions (see Hamon and Bartelings, 2019 for the conditioning of the model and the latest modifications). The model represents three main fleets catching flatfish (in particular sole Solea solea and plaice Pleuronectes platessa) in the North Sea. The Netherlands is the main country targeting flatfish in the North Sea and those three fleets account for about 70% of the 2015 North Sea landings of sole, 35% for plaice, 65% for brown shrimp3 Crangon crangon and 50% for turbot Scophthalmus maximus (STECF, 2017). Those four species account for 90 to 95% of the revenue of the three Dutch fleets (see Figure 3). Similar to the European Data Collection Framework (DCF), the three fleets are categorized by vessel length and the main gear type. The three fleets operate mainly beamtrawls and are categorized as small (12–24m), medium (24–40 m) or large (> 40m) vessels. Each of the three fleets operate a mixture of mesh-sizes: < 30 mm to target shrimp, around 80 mm for sole, and > 100 mm targeting larger plaice. Each year, the model optimizes the effort allocation of the three fleets to areas and gears to maximize the combined profit given the constraints of quota, and maximum effort. Tradition is implicitly included in the behavior of the fleets by allowing only limited changes to occur in consecutive years. The economic, catch and effort data of the Dutch fleets are extracted from the databases of Wageningen Economic Research.
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FIGURE 3. Landings composition of the three Dutch flatfish and shrimp beam trawling fleets in value (2013–2015 data source STECF, 2017).


The biological part of the model was calibrated with ICES assessment data for sole and plaice (see Bartelings et al., 2015 for details on model calibration; ICES, 2017a). There is no stock assessment for shrimp and the production function developed by Bartelings et al. (2015) was used. Turbot was only included as bycatch. Finally, there was no feedback between catches and the biological attributes (e.g., productivity) of the stocks.



RESULTS


Translation of Scenario Aspects to the North Sea Flatfish Fishery

By design, most of the aspects of the scenarios previously discussed could be included in the model. In Tables 1, 2, the aspects included in the SIMFISH North Sea flatfish case study are marked by an asterisk ∗.

Of the political factors, the exploitation level, ability to trade fishing rights, and marine spatial planning were included. Scenarios on exploitation levels were included by adjusting the targeted fishing mortalities of sole and plaice with the factors (Table 1) to calculate the annual TAC (e.g., in WM scenarios Ftarget = 80% FMSY for sole and plaice). Shrimp is not regulated by a TAC and no assessment was included for turbot, so the current TAC was held constant. Because the fleets of a single nation were included, the allocation of fishing right was less relevant in this case study and the ability to trade fishing rights was the same in the WM, LS and GS scenarios. In the NE scenario, trading between fleets was forbidden. Seasonal closures are not used in this fishery.

The amount of area in the North Sea available for fishing is expected to decline in the coming 30 years (see Table 2, Figure 4, and Matthijsen et al., 2018). Depending on the scenario, the development of wind farms, marine protected areas or the closure of British waters to European fishing vessels in the event of a “hard Brexit” can lead to the closure of a large part of the fishing grounds traditionally used by Dutch fleets (see scenario NE in Figure 4). Fishers’ access to fishing grounds is expected to be seriously reduced during the 2015–2050 period in each of the four scenarios. These area restrictions are implemented in 5 years increments starting in 2020 with the full scenario-specific area closure by 2045.
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FIGURE 4. Current area closures for large and small vessels (left panels) and scenario specific mid-century area closures in the North Sea for small vessels with bottom contact gears operating from the EU mainland (i.e., excluding the UK). Note the current closure of the plaice box for large beam-trawlers is also maintained for those fleets in the future and should be combined with small vessels closures (not shown here).


Both fuel and fish prices are included in the scenarios. For each scenario, a sensitivity analysis was performed on fuel and fish price using the ranges provided in Pinnegar et al. (2021) and available in Table 1. In addition, the prices of both shrimp and sole were simulated as responding to the volume of landings with price elasticity included for both species. In a scenario, fuel efficiency increased as technological factors were progressively implemented resulting in an annual decrease in fuel consumption per unit of effort until the (scenario-specific) target was reached by 2050 (see Table 1). It would have been theoretically possible to include changes in selectivity or catch efficiency (Hamon and Bartelings, 2019) but no data were available to parameterize this component of the model.

Because of the lack of consensus on the change in the productivity for the two main stocks (North Sea plaice and sole), only the change in distribution was included in the simulations. For plaice, a species with strong, life stage-specific spatial dynamics (van Keeken et al., 2007), an Integrated Nested Laplace Approximation (INLA) (Rue et al., 2009; Zuur et al., 2017) was used for age-specific changes in distribution due to water depth and temperature preferences projected in the two (4.5 and 8.5) RCP scenarios. Future movements of the sole and shrimp stocks were based on differences between present day and 2050 distributions projected by the SS-DBEM (Fernandes et al., 2020) for the North East Atlantic (CERES D2.3, 2019; as in Bartelings et al., 2015). SIMFISH assumes a progressive move to the 2050 distribution (Figure 5) with the stocks moving by the same amount every year in the direction of the final distribution. For turbot, the current catch rates reflecting the current distribution are used for the entire simulation period.
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FIGURE 5. Current (2016) and projected (2050) change in distribution of plaice, sole and shrimp (green gradient) used in the SIMFISH model. Mid-century projections were made for two RCPs (4.5 and 8.5).


Nature protection was implemented as legal factor through MPAs in the area closures. The Landing Obligation was incorporated as the 2019 implementation, i.e., in practice, the current exemptions do not constrain the discarding of undersize plaice caught while targeting sole.

Given the many dimensions of the scenarios, we ran a baseline scenario where biological dynamics remain at the current level, the management remains constant (Fmsy, current area closures, quota not tradable), technological developments stop, and prices remain at the current level. All scenarios are presented relative to this baseline. For each scenario, in addition to running the full set of combined factors, we ran the model changing each factor composing the scenarios one by one (fish price trend only, fuel price trend only, change in quota management only, change in fish distribution only, etc.). This allows us to assess the effect of each factor on indicators separately (see individual factors in the green columns on Figure 6) and disentangle those effects in the combined scenarios (see the factors combined in the last columns in blue on Figure 6). For the fuel and fish price trends, three variants are run and presented for each, with the lower bound of the trend range (see Table 1 and Pinnegar et al., 2021), the higher bound and the average price trend. When combining all factors, we decided to keep three combined runs (low trends: low fish price and low fuel price, average trends: average fish price and fuel price, high trends: high fish price and fuel price). Of course, other combinations could be interesting to present, particularly when prices of fish and fuel diverge (e.g., low fish price trend with high fuel price trend and inversely). The indicators measure the impact of the four scenarios (blocks of row on Figure 6) on different groups (fishing fleets or fish stocks, rows on Figure 6).
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FIGURE 6. Guidance framework to navigate the model results on a specific indicator. Effects of the individual factors can be seen in the green columns, left of the vertical line, effects of the factors combined in the blue columns, right of the vertical line. The impacts can be viewed per scenario (blocks of rows) for different groups (species or fleets in rows). Factors include Fish Distr.: change in species distribution, fuel/fish price: low, average and high fuel/fish price trends as defined in Table 1, Exploit. Rate: different FMSY target for sole and plaice; spatial Clos,: marine spatial planning; Fuel Effic.: increase in fuel efficiency; Comb. Low/Average/High Prices: scenarios combining all the factors with low/average/high fish and fuel prices as defined in Table 1.




Impacts on the Economic Viability of Fisheries

We assessed the future viability of the fisheries through three indicators: the net present value (NPV) of profit of fleets (Figure 7), the number of vessels active per fleet (Figure 8) and the TAC of the two main target species as a proxy for catch potential (Figure 9). First, we looked at the effect of individual factors (in column on the figures as explained in Figure 6) on the indicators, looking at what drives the scenarios when factors are combined. Then we compared the effects of the four scenarios on the specific groups (on the separate rows, see Figure 6).
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FIGURE 7. Relative change of NPV of profit in the mid-century (2040–2050) per fleet per scenario, disaggregated per factor, compared to the baseline. Factors include Fish Distr.: change in species distribution, fuel/fish price: low, average and high fuel/fish price trends as defined in Table 1, Quota Mngt: different FMSY target to calculate sole and plaice quota and quota trading rules; spatial Clos,: marine spatial planning; Fuel Effic.: increase in fuel efficiency; Comb. Low/Average/High Prices: scenarios combining all the factors with low/average/high fish and fuel prices as defined in Table 1.



[image: Heatmap showing % change relative to baseline for beamtrawlers under four scenarios: World Markets, National Enterprise, Global Sustainability, and Local Stewardship. The scenarios assess different factors like fuel price and fish distribution for large, medium, and small beamtrawlers. Vivid purple indicates larger negative changes.]

FIGURE 8. Relative change of fleet size (number of vessels) in the mid-century (2040–2050) per fleet per scenario, disaggregated per factor, compared to the baseline. Factors include Fish Distr.: change in species distribution, fuel/fish price: low, average and high fuel/fish price trends as defined in Table 1, Quota Mngt: different FMSY target to calculate sole and plaice quota and quota trading rules; spatial Clos,: marine spatial planning; Fuel Effic.: increase in fuel efficiency; Comb. Low/Average/High Prices: scenarios combining all the factors with low/average/high fish and fuel prices as defined in Table 1.



[image: Heatmap chart displaying percentage changes relative to baseline for plaice and sole under various conditions: fish distribution, fuel prices, fish prices, quota management, spatial closures, fuel efficiency, and combined price scenarios. Four scenarios are compared: World Markets, National Enterprise, Global Sustainability, and Local Stewardship. Shades range from light teal to dark purple, indicating changes from -20% to +20%.]

FIGURE 9. Relative change of potential catch (TAC) of sole and plaice in the mid-century (2040–2050) per fleet per scenario, disaggregated per factor, compared to the baseline. Factors include Fish Distr.: change in species distribution, fuel/fish price: low, average and high fuel/fish price trends as defined in Table 1, Quota Mngt: different FMSY target to calculate sole and plaice quota and quota trading rules; spatial Clos,: marine spatial planning; Fuel Effic.: increase in fuel efficiency; Comb. Low/Average/High Prices: scenarios combining all the factors with low/average/high fish and fuel prices as defined in Table 1.


Fish prices were the main drivers of profitability in the combined scenarios (Figure 7). The mid-century relative NPV of profit for all fleets was higher with higher fish prices and, to a lesser extent, with technological development (i.e., less fuel consumption) and decreased with higher fuel prices (Figure 7). Large area closures (NE and GS scenarios) had markedly negative impacts on larger beam trawlers while the limited shifts in distribution projected in 2050 for the key species (Figure 5) had little impact on the profitability of all fleets. Change in quota management increased the profitability of the large fleet when exploitation rates were lower than the current ones (WM and GS) and negatively impacted the fleet with medium sized vessels also dependent on quoted fish stocks. The contrasting effect of quota management between the two fleets is due to quota trading happening between the two fleets where the most profitable fleet fished more quota.

In all scenarios, the change in fleet profitability was positive for all fleets driven by fish prices, especially benefiting the larger beamtrawlers. The negative effect of increasing fuel prices was largely compensated by the increase in fuel efficiency in the technologically driven scenarios (WM and GS) but not completely in the local scenarios (NE and LS). Differences between scenarios were also due to spatial closures and quota management for the medium and large fleets. For those two fleets, the World Market scenario, was the most favorable. For the small beam trawler fleet, the difference between scenarios is less marked. The least favorable scenario differs according to the fleet and the price level (Figure 7).

Future profitability was also influenced by how the different factors affected the size of the various fleets (Figure 8). The number of vessels active were negatively impacted by increasing fuel prices, this was particularly visible for the larger beamtrawlers where up to 50% of the vessels exited the fishery with the highest fuel prices resulting in less overcapacity and fixed costs and potentially more profitable fisheries. In addition, lower exploitation levels also led to disinvestment in the fleets targeting quoted species (large and medium beamtrawlers). In contrast, increasing fish prices and technological development led to stable fleets, with even some extra investment for the large trawlers. When combined, the various factors composing the scenarios tended to balance one another leading to limited entry-exit behavior in large beamtrawler fleet by mid-century and no change in fleet size for the other fleets.

The future catch potential was driven by the exploitation rates set by management (the lower the target exploitation rate, the lower the TAC potential). High fuel prices, by increasing the cost of fishing, lowered the quota uptake for plaice, increasing the biomass and allowing for higher future TACs. Inversely, high fish price or improvement of fuel efficiency meant that extra effort to target plaice was profitable and a large proportion of the quota was caught leading to lower biomass and TACs. For all scenarios except for the NE scenario, the future catch potential was lower for both sole and plaice than it would have been with the current conditions, this is mainly driven by the quota management, i.e., the target F used to calculate the TACs.

The sensitivity analysis on prices showed that fuel and fish prices are important drivers of profitability (Figure 7), fleet viability (Figure 8), and catch potential (Figure 9). The profitability of all fleets increased as fish prices increased and as seen on the scenarios combining all factors (“Comb.” scenarios in Figure 6). The loss of profitability due to fuel price increase was largely compensated by the increase in fuel efficiency. Fuel price increase led to important disinvestment in the two large fleets (Figure 8). However, when all factors are combined, the negative effect of the high fuel prices was offset by the fuel efficiency and fish prices.



DISCUSSION


Economic and Political Factors Drive the Future of the Fishery

The North Sea flatfish fisheries case study shows that the impact of economic (fish and fuel prices) and political (quota level) factors are expected to outweigh the direct impact of climate change by mid-century. The change in temperature in the North Sea and its main ecological impacts on the distribution of sole and plaice are anticipated to remain low until mid-century (Figure 5). The fact that the profitability of fleets is so strongly driven by fish and fuel prices leads us to pay more attention to assumptions regarding the prices used in the scenarios. The prices were derived from the global MAGNET model (see Pinnegar et al. for more details and discussion), they were themselves based on the SSP scenarios and although the variability between scenarios is low, the average trends, as well as low and high bounds seemed to match with other sources of price projections for fish and fuel (see Msangi et al., 2013; and DBEIS, 2017 for trends; and Pinnegar et al., 2021 for discussion). However, some price dynamics were not captured by these monotonous upward trends. First, in the present case the price of all fish products was expected to follow the same upward trajectory over the next 35 years (2016–2050), all species from wild fisheries or from aquaculture. Whereas, it might be expected that depending on the scenario, price for different species would evolve differently given access to international or local market (see discussion in Pinnegar et al., 2021). Second, the interannual variability of prices can be high, especially for fuel, for which shocks (up or down) are expected a few times within the span of 30 years. Those shocks force the industry to adapt, leading to major technological innovations (Cheilari et al., 2013; Poos et al., 2013).

Technological innovation was captured here by improvement of fuel efficiency, another important driver of fleet profitability. In our scenarios we assumed a gradual spread of technological developments leading to the respective emission target (75% decrease of fuel consumption for GS and LS and 37.5% for WM and NE). However, technological development is more likely to happen in sudden steps than gradually. Furthermore, ‘fuel efficiency’ is not equivalent to ‘fuel saving.’ Increasing fuel tax or removing fuel tax exemptions may function as an incentive to invest in fuel saving technologies. Yet, increasing the cost of energy may result in increased operational costs, lower fishing effort, less catches and might jeopardize the viability of the fleets. The essence of the climate-neutrality objective is not to put sectors out of business but rather to force them to become more energy/fuel efficient. There is a plethora of approaches to become more energy efficient in the fishing sector; a non-exhaustive list includes: engine replacements, innovative vessel design, improved vessel operation (maintenance of hulls and engines), use of alternative/renewable energy sources (wind, H2 fuel cells etc.), efficient fishing gears (e.g., by reducing gear drag in towed gears), and energy audits (ESIF, 2009). However, EU targets are set at the Member State level and not per industry, and the EU fleet accounts for 0.23% of global GHG emissions (Guillen et al., 2016). It may therefore not be the focus of regulations to decrease overall emissions.

Entry and exit behavior also affect the profitability of the fishing fleets because fleets with overcapacity will be less profitable than fleets that are in balance with the fishing opportunities. The decisions to invest in a fishery or exit it (disinvest) are not symmetrical, unprofitable fleets will disinvest after 1 or 2 years whereas profitable fleets will first need to use a minimum proportion of their capacity before investing in additional vessels. In our scenarios, the fishing opportunities were limited by TACs, leading to projected fleets being at their current size or smaller. Further, it is expected that technological innovations will make fishing vessels more efficient and smaller fleets but larger in vessel size could be used to catch the same amount of fish. This could threaten the existence of coastal communities that depend on fisheries to survive.

The change in fish distribution implemented in our model does not substantially affect the profitability of the fleets, fleet size or TAC. This is probably due to the area definition used in the model where areas are too large to capture the limited movement expected by mid-century. Given the limited move (see Figure 5) fleets can easily travel to the new fishing grounds envisaged. In addition, we only looked at the movement of currently targeted stocks. New fish species entering the historical fishing grounds could be an opportunity for the fleets to diversify their portfolio (e.g., red mullet or squid, in the case of the North Sea flatfish fishery).



Model Limitations

The SIMFISH model used in this illustrative example is a validated model in its application for the North Sea flatfish fishery (see Bartelings et al., 2015 for the description of the model; and STECF, 2015 for its application to assess multi annual management plans). However, we are applying this model 30 years into the future where changes beyond the ones simulated here could be expected. For example, the current fleets (allowing for entry or exit) are used, with their current gears and current selectivities. In the model, the fleets are limited to present-day fisheries and fishing areas. In reality, it is possible that the gear technology used in 2050 completely differs from the current ones or that auxiliary activities in the blue economy, unrelated to fishing (e.g., aquaculture in wind farms), develops with the same vessels, leading to changes in cost structures, catchability and in the way vessels are used throughout the year. Additionally, this bio-economic model relies on many other sources to be parameterized. For example, the prices or fish stock distributions and productivity are model based from models with their own uncertainties and assumptions. This is why the authors argue that defining a set of standard scenarios to apply several models on specific fisheries would improve our understanding of the possible futures of this and other fisheries by capturing model uncertainty. The standardized scenarios also allow for comparison between fisheries and geographical locations identifying potential winners and losers.



Further Development of the Social Factors of the Scenarios

The scenarios developed by Pinnegar et al. (2021) were operationalized for fisheries to enable bioeconomic projections using specific models applied in the CERES project. These specific models required certain inputs but were not designed to include (in a direct manner) all the PESTEL aspects. For example, social factors need to be better represented in the scenarios and incorporated into bioeconomic projections. Some social aspects already have or are expected to have an impact on the way fisheries operate. These include labor conditions and employment (Tickler et al., 2018), social license to operate (Kelly et al., 2017; van Putten et al., 2018) and animal welfare (Veldhuizen et al., 2018), as well as the overall demand for animal protein in societies where vegetarianism and veganism seem to be on the rise. Within our framework these social factors would be most relevant under the two green scenarios (GS and LS) with greater emphasis on ethical production compared to WM and NE.

In particular, increasing (or sustaining) employment may not be compatible with ‘greening’ the fisheries sector through enhanced energy efficiency, technological development, reduced carbon footprint or sustainable exploitation. The UNEP Green Economy Report (UNEP, 2011) demonstrated that the greening of economies is not generally a drag on growth but rather an engine of growth; that it is a net generator of decent jobs, and that it is also a vital strategy for the elimination of poverty. However, among all human activities considered, fisheries were the exception, not following the rule of ‘green growth → job generator.’ It is estimated that in the global fishing industry (currently employing more than 35 million people), between 15 and 22 million fewer fishers would be required if a green-fisheries scenario was adopted. It is projected that only in the case that fish stocks are recovered, a substantial number of jobs may grow back, and not earlier than 2050. Similarly, Ye et al. (2013) reason that targets for fisheries (restore stocks to levels that can produce the maximum sustainable yield- MSY), are unlikely to be met soon. Developing a bio-economic model, these authors estimated that the global fishing capacity needs to be cut by 36–43%, resulting in the loss of employment of 12–15 million fishers and costing US$ 96– 358 billion for buybacks.

The concept of social license to operate is recent in the marine sector (Kelly et al., 2017; van Putten et al., 2018), and it has already forced fisheries managers to revert decision and to change path disregarding the scientific evidence collected as a support for their initial decision (e.g., a super trawler who was initially permitted to fish off the coast of Australia before being denied access after a large media campaign against it, Kelly et al., 2017).

Adaptation to change is strongly linked to context-specific factors. For instance, in the short-term, immediate behaviors such as location choice, adaptation to new species, as well as the size of companies and capacity to adapt the fleets to have access to new resources will all play an important role. In contrast, long term behavior, such as entry and exit decisions in a fishery or investment in new technology, can be influenced by societal norms established from historical activities. These include factors such as the presence or absence of followers in the community or family as well as compliance with rules and trust in governance (van Putten et al., 2012). Overall, the scenarios developed in the CERES project and presented here result from the need to harmonize quantitative projections of alternative futures. Because of the large amount of variables included in integrated bio-economic models, testing all possible combinations is not feasible nor desirable (Pinnegar et al., 2021). Scenarios are neither predictions nor forecasts of future conditions and no single scenario will be true in its entirety. More likely, the future will borrow elements of all scenarios. The recent past has also taught us that the future trajectory will move between scenarios rather than follow a single path and that specific events can cause rapid change (e.g., Brexit, or the Covid-19 pandemic).



Applying the CERES Scenarios to Different Contexts

As mentioned already those scenarios were developed for a specific purpose: studying the future of European fisheries. The factors chosen here apply to this context. To apply them to different contexts, one should start with engaging with the stakeholders currently involved in their fisheries or in activities competing with fisheries (in our case offshore renewable energy and nature reserves, but one could think of other activities such as tourism, aquaculture or recreational fishing). The ethos of the scenarios presented by Pinnegar et al. (2021) can be used to operationalize the four scenarios for other types of fishery or other regions. Of course, where relevant, elements developed in the present study could be used elsewhere while additional factors can also be included.

The factors included in the models need to be pertinent in how they affect the ecosystem in which the fishery operate. The three factors with the most effect on the economic viability of North Sea flatfish fishery (fish price, fuel price and quota management) may not be relevant at all in other cases. In the European context fish are sold on auction (usually accessible via internet), in that case, a common trend on price, exogenously driven by fish trade worldwide is probable. If fish are caught to be consumed locally, other factors affecting price development should be included (e.g., tourism). Similarly, many fisheries studied in CERES operate with large vessels using towed gears making the fuel price and consumption two important factors for economic viability. In fisheries with small vessels and passive gears, other type of inputs may be important to consider. The North Sea flatfish fishery is managed with (individual) quotas, set every year based on biological advice from the International Council for the Exploration of the Sea (ICES). The quotas, set on each species, and in the Dutch case individually owned by the fishers constrain the fishery development together with fishing licenses (limiting the entry in the fishery). Other management systems, e.g., relying in cooperation, can be more appropriate for other cases.



CONCLUSION

While most of the efforts to project the impacts of climate change on fish and fisheries focuses on the bio-physical and ecological aspects, this study underscores the importance of examining socio-political scenarios alongside the anticipated changes in the natural environment. It is now commonplace for researchers to make use of a standard set of scenarios when projecting the biogeochemical effects of climate change using RCPs applied in global climate models that are often downscaled for higher resolution for projections in specific regions. In a similar manner, the narratives of the socio-political SSPs need to be regionalized for climate impact projections. Pinnegar et al. (2021) present the general ethos of the four CERES scenarios that map onto the RCPs and SSPs, while Kreiss et al. (this issue) demonstrate how these four scenarios can be applied consistently in different European regions to compare regional bioeconomic impacts of climate change on the European aquaculture sector. The present, companion, study describes how the scenarios were adapted for use in bioeconomic modeling of the effects of climate change on European fisheries. A case study application on North Sea flatfish fishery highlighted how maintaining high fish prices is important to the future viability of this fishery. More importantly, low fuel prices and increasing fuel efficiency are projected to be important for decreasing future risk and vulnerability. Increasing the fuel efficiency is an important way in which all fishing fleets can decrease their green house gases emissions and contribute to reaching global goals set out in the Paris climate agreement (Hoegh-Guldberg et al., 2019).

The present study and its two companion studies (Kreiss et al., 2020; Pinnegar et al., 2021) underscore the importance of using a common scenario framework for comparing potential climate impacts, identifying winners and losers and adapting management accordingly. We advocate extending and applying these CERES scenarios, or something very similar such as the “Oceanic System Pathways” (OSPs) developed by Maury et al. (2017), in other bio-economic projections of climate impacts on fisheries (e.g., within the Fisheries and Marine Ecosystem Model Intercomparison Project (Fish-MIP)). Although the entirety of any single scenario is not expected in the future (see Pinnegar et al., 2021), scenarios are important tools to create awareness of multiple possible futures.
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FOOTNOTES

1Having to stop fishing for a species A for which one still has quotas because the quota of a species B, caught at the same time, is exhausted is called the “choke” effect.

2The surface calculations are based on power densities of 4 and 6 MW per km2 (4 leading to high surface values and 6 to lower surface values).

3Shrimp was included because two of the fleets are active on both the flatfish and shrimp fisheries seasonally.
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In many of the Pacific Islands, local communities have long-held cultural and spiritual attachments to the sea, in particular to species and specific marine areas, processes, habitats, islands, and natural seabed formations. Traditional knowledge, customary marine management approaches and integrated relationships between biodiversity, ecosystems and local communities promote conservation and ensure that marine benefits are reaped in a holistic, sustainable and equitable manner. However, the interaction between local traditional knowledge, contemporary scientific approaches to marine resource management and specific regulatory frameworks has often been challenging. To some extent, the value of community practices and customary law, which have provided an incentive for regional cooperation and coordination around ocean governance, is acknowledged in several legal systems in the Pacific and a number of regional and international instruments, but this important connection can be further enhanced. In this article we present a science-based overview of the marine habitats that would be affected by deep seabed mining (DSM) along with an analysis of some traditional dimensions and cultural/societal aspects of marine resource management. We then assess whether the applicable legal frameworks at different levels attach sufficient importance to these traditional dimensions and to the human and societal aspects of seabed (mineral) resource management in the region. On the basis of this analysis, we identify best practices and formulate recommendations with regard to the current regulatory frameworks and seabed resource management approaches. Indeed, the policies and practices developed in the Pacific could well serve as a suitable model elsewhere to reconcile commercial, ecological, cultural and social values within the context of deep sea mineral exploitation in addition to sustaining the Human Well-being and Sustainable Livelihoods (HWSL) of the Pacific communities and the health of the Global Ocean.

Keywords: human–nature interconnectivity, Pacific Island communities-ocean connectivity, ocean sustainability, high seas and deep sea ecosystems, Law of the Sea, deep sea mining, global change, science-policy-society


INTRODUCTION AND CONTEXT
The Pacific Ocean is of profound cultural, social, spiritual, and economic significance to Pacific Island communities. These dimensions and centuries of acquaintance with the interconnectivity of its ecosystems underlay traditional and indigenous knowledge, and constitute keystones to holistic forms of marine resource management mainly linked to fisheries including protected areas and species. Discoveries of rich metal deposits (polymetallic nodules, rare earths, metal-rich muds, cobalt rich ferro-manganese crusts, and hydrosulfide deposits) on the deep seabed (Hein and Koschinsky, 2014) have led to commercial interest from all over the world, as seabed mineral extraction is increasingly regarded as a suitable alternative to land-based mining and might be necessary to satisfy the increasing metal demand in the global shift toward sustainable energy (Zalik, 2018; Havice and Zalik, 2019). Conflicting ambitions of conservation and exploitation are especially tangible in the most biodiversity rich Pacific region (Dahl and Carew-Reid, 1985; D’Arcy, 2006; Petterson, 2008; Trichet and Leblic, 2008; Vieux et al., 2008; Kingsford et al., 2009; Cardno Limited, 2016), which covers an area of about 30 million km2 within the world’s largest ocean and, on the one hand, is seen as the most promising area for seabed mineral extraction in the near future (Figure 1). On the other hand, deep sea ecosystem services have been considered to have high societal benefits in Europe (O’Connor et al., 2020a) with strong public support to conserve and restore the deep sea ecosystem (O’Connor et al., 2020b). Studies estimating the values of the deep sea ecosystem services in the Pacific area are limited. The study for the Solwara project (Earth Economics, 2015) has many scientific errors which make the estimates unreliable (Rosenbaum and Grey, 2016). The terrestrial forest ecosystem is also used to infer the deep sea ecosystem (Wakefield and Myers, 2018) which potentially biases their estimates of ecosystem services.
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FIGURE 1. Pacific Island region showing the Exclusive Economic Zones (EEZ’s) of the Pacific Island Countries (SPC, 2013) https://asiapacific.anu.edu.au/mapsonline/base-maps/pacific-eez-zones-ll.


Ultimately, both in the Area, comprising the seabed and subsoil beyond national jurisdiction, as well as on the continental shelves of the Pacific Island states, which fall under national jurisdiction, abundant resources are up for grabs. Yet the impact of deep seabed mining on the local communities with rich maritime cultures (Malinowski, 1935; Kent, 1980; Johannes, 1981; Hviding and Baines, 1992; Hau’ofa, 2008) might be significant and affect their Human Well-being and Sustainable Livelihoods (HWSL)1 (D’Arcy, 2013a).

These newly recognized HWSL dimensions require an innovative regulatory framework to manage the potential exploitation of deep sea mineral resources. This would ensure the preservation of the seabed, as well as of the water column above, considering the cumulative impacts of other human activities (Woodall et al., 2014) and of global change, and guarantees the HWSL of the Pacific Island communities. This framework should acknowledge the fact that the Pacific Island states are presently subject to multiple stress factors including population growth, natural disasters including extreme weather events from climate change, unsustainable fisheries practices, alien species invasions and especially sea level rise, acidification and coral bleaching associated with global warming, in particular in the Marshall Islands, Guam, Northern Mariana Islands, the North-West Hawaiian Islands, and Kiribati (Pacific Community, 2012; IPCC SROCC, 2019).

Deep sea mining (DSM) involves a range of practices including the exploration, extraction, transportation, and processing of minerals retrieved from the ocean floor and transiting through the water column to the surface. Thus DSM takes place in a tridimensional perspective as the extraction of ore might take place at the seabed through a process of cutting and disaggregation, but it is then pumped upwards through the water column as a slurry, concentrated with the release of diluted seawater, and then transported across the sea to a terrestrial processing center. DSM occurs also in different geographic areas with varied mineralogy and different associated value chains (Petterson and Tawake, 2018), governed by distinct legal regimes. Indeed, there are two relevant legal frameworks that might apply to DSM activities. When taking place on the continental shelf- comprising the seabed and subsoil beyond the territorial sea up to a distance of 200 nautical miles from the coast (possibly extended to the outer edge of the continental margin when this exceeds the stipulated 200 nautical miles) (UNCLOS, Art. 76)- these activities fall under national jurisdiction and are governed by the national legislation of the coastal state (UNCLOS, Art. 77). Beyond the outer limits of the continental shelf, however, the seabed and subsoil of the Areas Beyond National Jurisdiction (ABNJ) are referred to as ‘the Area’ and are governed by a comprehensive international regime (Infra section “International Legal Framework”).

The DSM industry was initially encouraged by the governments of the Pacific Island States, as well as some scientists (Hein et al., 2013; Bourrel, 2015; Navarre and Lammens, 2017). It was regarded as an opportunity to support the long-term economic sustainability of Island States and the social development of the people of the Pacific, notably to limit their dependence on foreign development aid. However, the perspective of Indigenous Peoples and local communities, and even “outsiders” (i.e., non-community members), may be characterized as reluctant or even hostile toward this new activity and its risks (Secretariat of the Pacific Community, 2012). More so, the potential for economic independence for Island States is potentially compromised by DSM projects – led often by large corporate businesses in the Global North – which rely on economic trade-offs and compromises (re)creating new forms of financial reliance and perpetuating existing power imbalances between the wealthy ‘West’ and the ‘rest’ (Le Meur et al., 2018; Childs, 2019). The nations that have considered DSM in the near future, and have formulated policies and legislation on offshore mineral development, need to ensure the long-term preservation of their marine environment, including the seabed and the associated water column, acknowledging the HWSL, in particular traditional knowledge, of the people and communities who rely on the resources from the open sea (D’Arcy, 2013b). In line with the long-standing call of civil society to prioritize the health and values of Pacific communities [in reference to the Deep Sea Conservation Coalition (DSCC)]2, Fiji, recently supported by Vanuatu and PNG, proposed, at the Pacific Islands Forum on August 14, 2019, a 10-year moratorium on DSM from 2020 to 2030 to allow for prudent research in marine areas under the national jurisdiction of Pacific nations (Doherty, 2019). This is why debate as to the collaboration with local people and the integration of traditional, indigenous and local knowledge should not be neglected when considering emergent regimes of conservation and management in the region.



OVERVIEW OF THE MAIN NATURAL RESOURCES AND ACTIVITIES THAT WOULD BE AFFECTED BY DEEP SEABED MINING IN THE PACIFIC REGION

The main natural resources and activities that would be affected by DSM are located both within coastal waters (nearshore pelagic and deep-water bottom fish) and beyond the limits of national jurisdiction (open waters and deep sea). In the Pacific Islands region, coastal fishing is mainly artisanal and for subsistence, supplying domestic markets, and deep-water bottom fisheries are the most active and export-oriented. The main tuna fishing activities are within Pacific Island national waters including waters of State Parties to the 1982 Nauru Agreement which provide 60% of the west and central Pacific Ocean tuna catch, 25–30% of world canned tuna with a value of around US$4.5 billion annually (Brouwer et al., 2018; The Western and Central Pacific Fisheries Commission, 2019). In the open seas, some large species range to a depth of 1,000 m for yellowfin tuna, bigeye tuna and swordfish, to 1,500 m for Bottlenose whales or approximately 3,000 m for sperm whales (Fisheries and Aquaculture Department, 2000; Block et al., 2011; Schor et al., 2014). The deep sea ecosystems in the Pacific region provide important ecosystem services and societal benefits (De Groot et al., 2012), not only for the people in the Pacific Islands but also for people around the world due to the migrating nature of many marine species. Indeed, the region has been part of important migration routes for several species of whales, which not only have strong cultural values for the population in the Pacific region (Flood et al., 1999; Creason, 2004; Firestone and Lilley, 2007) but also globally for activities such as whale watching (Hoyt, 1995).

Many Pacific Island countries have joined international agreements promoting the conservation of whales and created whale sanctuaries, now covering over 11 million km2 of the South Pacific Ocean. Indigenous Peoples and Local Communities (IPLCs) have a role as custodians of significant ecosystems and of species generally traveling between coasts and high seas (Ey and Sherval, 2016; Eckstein and Schwarz, 2019). They are central to the debate addressing gaps in governance in ABNJ and the lack of a comprehensive framework for biodiversity conservation and management (Vierros et al., 2020).

In the mesopelagic, bathyal (200–2000 m) and abyssal realms (2000–6000 m) and especially the deeper hadal realm (more than 6000 m), there is an important lack of knowledge on species, on biodiversity and on the functional relationships of deep-sea ecosystems. Deep ocean environments represent the least explored areas on the planet and are assumed to serve as a cradle of non-renewable resources and to be the largest reservoirs of mostly unknown species and ecosystems which might contribute significantly to planetary biodiversity and global livelihoods. Deep sea ecosystems have adapted to extreme stable environmental conditions, whilst also are interconnected with ecosystems in the water column, in particular for their trophic input which is generally very low. Such ecosystems are also enriched and diversified by deep ocean circulation, topography and hydrothermalism.

Accordingly, concern for potential and real threats to deep-sea biodiversity, alongside recent global conservation and biodiversity issues, has stimulated efforts to explore the structure and function of benthic communities in the abyssal and bathyal zones and the oceanographic processes in the water column. Deep sea faunal communities are characterized by slow biological mechanisms, a taxonomically high diversity and a non-random sparse distribution over large areas. As connections between the different layers of the ocean are studied, it is becoming increasingly apparent that global changes and environmental impacts are affecting all marine organisms from phytoplankton to higher marine vertebrates and all oceanic processes (Sharma, 2019).

The characteristics and the assessed vulnerability of the three main types of deep seabed mineral resources of the Pacific region targeted by DSM- Ferro-manganese polymetallic nodules, Cobalt-rich ferro-manganese crusts or Cobalt Rich Crusts (CRCs) and Hydrosulfide or Seafloor massive sulfide (SMS) deposits (Le Meur et al., 2016) are displayed in Table 1.


TABLE 1. The characteristics of three main types of seabed mineral resources on the deep seabed of the Pacific region targeted by DSM.

[image: Comparison table of three types of seafloor mineral deposits: Ferro-manganese polymetallic nodules, Cobalt Rich Crusts (CRCs), and Seafloor massive sulfide (SMS) deposits. Each mineral type is described across categories including seafloor location, mineral composition and formation, specific locations in the Pacific region, faunal characteristics, and assessed impacts on the environment. The table highlights differences in depth, formation processes, biological diversity, and potential environmental impacts.]Globally, the potential changes to the seabed and the water-column that will be brought about by mining activity will inevitably impact the faunal communities over large spatial and temporal scales with multiple effects due to the complexity and seasonal variations of the water masses and ocean circulation (Tilot et al., 2018; Tilot, 2019). There is evidence that the seabed is affected by climate change with a reduction of surface primary production and carbon export to the deep sea (Levin et al., 2018). Furthermore one must consider cumulative impacts, within the water column and on the seabed, with both natural impacts (natural climate variation, El Niño events, earthquakes, tsunamis, underwater volcanism, benthic storms…), and anthropogenic disturbances (pollution, fishing, seabed mining, oil and gas extraction, disposal of wastes…) generally resulting in degradation and homogenization of habitats across broad tridimensional areas (Glover and Smith, 2003; Thiel, 2003; Smith et al., 2008; Tilot, 2010; Woodall et al., 2014; Levin et al., 2016; Miller et al., 2018).



TRADITIONAL INSIGHTS TOWARD SEABED RESOURCE MANAGEMENT IN THE PACIFIC

From oceanian Indigenous Peoples and Local Communities (IPLCs) point of view, DSM is not distanced from the island environment because the ocean is at the heart of one’s identity, and part of each individual’s future (Hau’ofa, 1994, 2008; Mawyer and Jacka, 2018). It is integral to the core identity of lslanders. In “Our Sea of Islands,” Hau’ofa (1994), drawing on other indigenous thinkers (Wendt, 1976; Waddell, 2000), appropriately addresses the nexus of islander’s identity in terms of belonging and connection: “Oceania refers to a world of people connected to each other.” This oceanian “way of being” or “disposition of mind” induces resistance as well as empowerment (Bambridge, personal communication).

For generations, this “oceanian way of being” or local habitus3 as defined further, has helped islanders transmit their identity and unique relationship to each other and to their environment, taking a variety of forms, not always directly tied to nature. Myths, oral traditions and, cosmologies of the Samoan, Cook islander, Niuean, Tokelau, Kiribati, Fijian, Tongan, Maori (from Aotearoa- New Zealand), Native Hawaiian, Kanak, Mā’ohi (in French Polynesia), Ni-Vanuatu, Solomons and, Papuan peoples show that they conceived their world in term of a holistic view, dissolving classic western distinctions between human and non-human, nature and culture, as objects. Settled over a thousand years ago by voyagers in giant outrigger canoes, the mobile “people of the sea” (D’Arcy, 2006) envision their world embedded in the ocean (Figure 2).
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FIGURE 2. ‘Kaygasiw Usul’. The sculpture references star constellations and their relation to the movements of the shovel-nosed shark. Australian National Maritime Museum (ANMM) Collection Sydney/Alick Tipoti/AAPN. Alick Tipoti is a world reknown professional artist from Badu Island in the Torres Strait. His work depicts many meaningful symbols about the Land, Sea and Sky of his country through traditional Melanesian patterns.


Bourdieu’s notion of local habitus3 practices “collectively orchestrated without being the product of the orchestrating action of a conductor” (Bourdieu, 1977) allows for shared social structures that are embodied, perpetuated, and embedded in everyday practice.3

In islands, local habitus stems from a standardized improvisation based, not just on skills and activities, but on a spiritual connection to one’s environment (Torrente et al., 2018). For example, mā’ohi habitus illustrates today the intimate relationship with both natural and cultural resources. In historically considered seascapes that are bordered by taro plantations, pandanus (Pandanus tectorius) and coconut (Cocos nucifera) trees, and contain fish nurseries and historical coral sites, ancestral spirits make themselves felt and heard for instance through strange animal calls, goosebumps, or a tingling of the feet.

Most Islanders who sense these disgruntled spirits respond by demonstrating fa’atura (‘respect’ in Tahitian): either withdrawing from that place or following certain behaviors like asking permission, speaking to the spirits; not going into or playing on historic structures or trees; not disturbing the stones of historic ruins; not spitting on marae (ancient ‘shrines’) stones or objects; and not urinating, defecating, or lighting fires on or around historic ruins or sacred trees (Douglas, 1974).

A common socialization mechanism in Oceania is the islanders’ attention to the birds, wind, currents, tides, and the carefully guarded secret knowledge that has served to transmit ancestral wisdom across generations. As one elder explained in French Polynesia, these behavioral rules come from M[image: Lowercase letter "a" with a horizontal line above it, indicating it is an average or arithmetic mean in mathematical notation.]’ohi “origins” from the “ancient tapu” that once structured Tahitian society around mana. In fact, certain types of transmission have continued, embedded in an oceanian habitus based on the observation, practice, and perpetuation of a uniquely oceanian, post-settler, and embodied cultural capital. This transmission is also rooted in social and moral expectations which perpetuate an active indigenous relationship with history, the land, the ocean and each other. Such transmitted patterns of resource use and of a holistic relationship between society, the sea and the land both respond to and resist ongoing colonially rooted processes including imported land and marine management, the coming of Christianity, a commodification of nature and, most recently, the advance of conservation as well as DSM initiatives.

Yet this relationship has lately come under pressure from international DSM initiatives. Pacific islanders are now courted by global institutions as international mining companies, scientific research centers, European projects, Governments and International institutions such as the World Bank. Current projects include, the Solwara project in PNG, the SPC-EU Deep Sea Minerals projects in the Cook Islands, Federated States of Micronesia, Fiji, Kiribati, Marshall Islands, Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon Islands, Timor Leste, Tonga, Tuvalu, and Vanuatu. French Polynesia and the French State ordered a study on DSM feasibility in their Extended Economic Zone (EEZ) (Le Meur et al., 2016). Wallis and Futuna customary authorities are continuing to resist a French tentative renewal of the mining code in their country and EEZ (RNZ, 2018).

Monetary and political power, rather than ancestral respect, are increasingly driving the local treatment of resources, even as Oceanians continue to grapple with the notion of respect and the lingering spiritual power, or mana and tapu of certain places and things. The resulting battle, embodied in local habitus, highlights colonial versus Indigenous, rationalization against enchantment, orthodoxy versus heterodoxy, written against oral, even as it questions and ultimately dissolves each of these binary categories. Generated through a traumatic history of cultural and political colonization, depopulation, commodification of nature, and religious conversion, the ongoing practice of the local habitus reflects the fragmented sacred, or tapu, structures of the past as well as the rational, institutionalized traps of the present.

Sovereignty and the urge for development, rather than local belonging and hereditary respect are another transforming force for the use of marine resources and minerals. Many independent and non-independent states from the Pacific, proud of their auto-designation as “large maritime states” since the Law of the Sea Convention, also induce “territorial instinct to where there was none before” (Hau’ofa, 1994). It is interesting here to draw a parallel with conservation initiatives because they share with DSM projects a fundamental dissonance toward local oceanian habitus. As a matter of fact, global conservation projects (from private foundations, research centers, and governments) also drive environmental management (Childs, 2019), and this illustrated today by customary practices supported by external factors including seasonal bans on harvesting, temporary closed (no-take) areas, and restrictions being placed on certain times, places, species or classes of persons. Closed areas incorporate the “tabu” areas of Fiji, Vanuatu and Kiribati, the « ra’ui » in the Cook Islands, the “kapu” in Hawaii, the “tambu” in PNG, the “bul” in Palau, the “mo” in the Marshall Islands, the “tapu” in Tonga and the “rāhui” in Aotearoa-New Zealand and French Polynesia (Bambridge, 2016; Bambridge et al., 2019). Indeed, while it appears as an ideal to reconcile cultural identity with modern ecological science and the conservation of endangered species, such an approach involves an intrinsic contradiction.

For example, Râhui rules expressed by a set of mā’ohi habitus, enter in conflict with the top–down governance culture of Polynesian administrations in charge of Marine Protected Areas (MPA), including the large scale marine managed area in the EEZ. Certain tutelar spirits personifying particular extended families have become iconic endangered species while the mere fact of talking about them is secret (some would say tapu) in most oceanian families. Land and seascapes associated with families whose mana and ancestors remain, are still known and recalled whereas the Christian religion tends to erase the knowledge and praxis associated with ancient spirits. The official land and maritime law under the Polynesian and French governments, separates the sea from the land, while mā’ohi habitus tends to integrate them into a meaningful, holistic view of the relationship between nature and culture. In some countries of Oceania, modern privatization of land enters in conflict with the concept of traditional extended family lands (including sometimes portions of the lagoon, fishing holes and reefs) which is still appreciated as common heritage.

However, the past is not only embodied in traumatic historic events, as habitus also emerges from “the historically and socially situated conditions of its production” (Bourdieu, 1977). The diversity of Oceanic societies is too great to be reduced to a dichotomy: Melanesian “big men” society (Godelier, 1990), versus Polynesian “hierarchical” societies (Kirch, 2010). Yet if common characteristics can be identified, they would rather be in the way in which Pacific Island societies view their worlds and base their relationships. First, the ‘foundation’ (rather than the ‘origin,’ to stay close to an Oceanic image) of the universe is envisioned as a continual process of growth and expansion where gods, half-gods, ancestors, and humans are themselves the products of this cosmic development. Polynesian and Melanesian cosmogonies are polytheistic and ancestors-oriented (Figure 3). There is no “creator god” at the origin of the universe. On the contrary, a myriad of gods and half-gods are encountered who are not themselves at the origin of the world: “This is particularly true of the Hawaiian Kumulipo [Hawaiian mythical song] where the gods are second: Kanaloa, Kane [Taaroa, Tane in Tahitian] are born in the eighth song, at the same time as men and long after the multiple nocturnal gestations of the Pō [‘night’] matrix. This is also true of Maori cosmogony where a genealogical recitation lists all the natural stages by which still empty space generates night (…)” (Rigo, 2004).
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FIGURE 3. Australian Indigenous Art: this linocut called “Zugubak” was created in 2006 by Alick Tipoti from the Torres Strait Islands, Queensland, Australia. The masterpiece depicts a canoe carrying eight men through the ocean by night. These men are the Zugubal spiritual beings of the Western Zenadh Kes (Torres Strait). Courtesy Alick Tipoti / www.artsdaustralie.com.


Secondly, mythical Oceanian songs establish a principle of continuity between human and non-human entities (Figure 3) between mineral, vegetal, animal, gods, and humans. Humans are not cut off from the invisible world but participate in it and share with it a more or less important part of the sacred. Whether we refer to Firth (1936) on the social structure of “ramage” among the Tikopia or to Oliver (1974) for the bilinear social structure among the Tahitians, or to Melanesian societies with “big men” according to Godelier (1990), the observation is ultimately the same: the ties of kinship between the highest social hierarchies and the lowest ones are seen only as an extension of the ideal world. Myths, like social organization, are conceived as a vast kinship network where the mana circulates and must circulate.

Finally, the pluralism founded by Oceanic cosmogonies is maintained by incessant interactions between human, deified and non-human entities. Minerals, birds, sharks, plants, west or northeast wind, fine rain, in turn, are messengers, personify invisible ancestors, communicate with the world of the living. However, such a continuum between the visible and invisible world does not imply the idea that these societies live entirely in the sphere of the myth which governs all human activities and are deeply an-historical and adverse to change. On the contrary, this continuity is constantly updated, distorted and reworked by humans: a god or an ancestor (in the case of Melanesian societies) who has become less effective or does not respond to the convocations of priests, is provisionally dismissed.

Thus, in oceanian societies where the world is conceived as a vast kinship network, with continual interactions between mineral, plants and animals, the relationship is the basis of such societies. In terms of social organization, and as far as DSM is concerned, one therefore ought to learn from the remarkable traditional institutions that manage the ocean and the resources in the Pacific region. Integrating indigenous people into DSM management is not just a mere issue of a ‘participatory approach’ as acknowledged by several Western/international projects or as established in some regulations of Pacific States; it is indeed the very foundation of holistic custom-based relationships. Therefore, any DSM regulation system that had only a minor representation of indigenous communities would be philosophically problematic for oceanian societies. The same could be said also of a poor consultation process with traditional leaders and/or political representatives proposed in conservation as well as in DSM projects, which might be illustrated through typical cases in Kiribati (Mallin et al., 2019) or Rapa nui (Aburto et al., 2020).



LEGAL REFLECTIONS OF TRADITIONAL DIMENSIONS AND HUMAN ELEMENTS IN THE PACIFIC

Yet how do these traditional dimensions play out in the legal context? Within the framework of the United Nations Convention on the Law of the Sea, the ‘Area’ is defined as “the seabed and ocean floor and the subsoil thereof, beyond the limits of national jurisdiction” (United Nations Convention on the Law of the Sea, 1982).4 It is governed by a complex international regime, which determines by whom and under what conditions these natural resources can be mined.5 The fundamental principles of the deep seabed regime are set out in the 1982 United Nations Convention on the Law of the Sea and the 1994 Implementation Agreement, and are further developed in detailed regulations issued by the International Seabed Authority (ISA), which is tasked with managing the deep seabed and its natural resources.6 The ISA has already produced rules regarding prospecting and exploration in the Area (International Seabed Authority, 2010, 2012b, 2013a) but has yet to adopt exploitation regulations International Seabed Authority, 2019a). However, international law is also relevant in this context. Companies wishing to pursue activities in the Area must be sponsored by the state of which they are nationals and, therefore, should adhere to national legislation defining the conditions to obtain a certificate of sponsorship7. Moreover, seabed mineral activities within national jurisdiction are exclusively governed by the national laws of the coastal states.8 Furthermore, Pacific Island states have also developed regional policies and regulatory frameworks regarding exploration and exploitation of seabed resources, and it is important to properly integrate these traditional dimensions and human aspects associated with seabed resource management into all three of these regulatory levels through thoughtful rules and principles.


International Legal Framework

The island states of the Pacific are not only relevant because of the mining prospects on their own continental shelf and their proximity to some of the international DSM sites, but also because they hold important interests in the Area. Indeed, the Cook Islands (Cook Islands Investment Corporation) (International Seabed Authority, 2014b), Tonga (Tonga Offshore Mining Limited) (International Seabed Authority, 2011a), Kiribati (Marawa Research and Exploration Ltd.) (International Seabed Authority, 2012a) and Nauru (Nauru Ocean Resources Inc.) (International Seabed Authority, 2011b) are all sponsor companies which obtained exploration contracts for polymetallic nodules in the Clarion Clipperton Fracture Zone in the last decade. Therefore, the international legal framework is highly relevant, and it is important that this regime incorporates traditional dimensions and human elements of seabed resource management to the fullest possible extent.

The status of the deep seabed and its natural resources as the Common Heritage of Mankind (CHM) – which has an interesting history (Oude Elferink, 2007; Noyes, 2012) – is one of the most important international legal concepts reflecting traditional visions of collective ownership and embodying human aspects of seabed resource management in the Area. The predominant motivation behind this concept was to prevent the scenario that only a handful of industrialized countries, possessing the capacities and means to invest in DSM, would be entitled to the mineral resources of the deep seabed, excluding developing states from these economic opportunities (Frakes, 2003; Guntrip, 2003; Shackelford, 2008; Noyes, 2012; Jaeckel et al., 2016). Furthermore, it was a sophisticated solution to avoid the dreaded phenomenon of the “tragedy of the commons,” through the absence of an accountable authority and an established management regime that would pose a significant risk of unbridled exploitation and drastic ecological decline (Hardin, 1968; Shackelford, 2008; Franckx, 2010). By designating the Area and its mineral resources as the CHM, the international community is tasked to manage it for the benefit of all countries and to preserve it for future generations. At the time, CHM, embedded in article 136 of UNCLOS, was a revolutionary concept and it is still seen as a remarkable achievement in legal and diplomatic terms, taking into account the huge difficulties to reach a consensus on the conflicting ambitions of exploitation and conservation (Jaeckel et al., 2016). Despite the lack of a clear definition (Frakes, 2003; Shackelford, 2008; Franckx, 2010; Noyes, 2012; Jaeckel et al., 2016; Bourrel et al., 2018a), the CHM constitutes the guiding principle of the deep seabed regime and is expressed in different ways (Oude Elferink, 2007; Jaeckel et al., 2016): a ban on appropriation9, exclusive use for peaceful purposes10, international cooperation and knowledge dissemination11, protection of the marine environment12, and equitable sharing of financial and economic benefits derived from activities in the Area13.

Without seemingly affecting the principles (arising from the CHM), the 1994 Implementation Agreement significantly reformed several underlying rules and mechanisms, further complicating the operationalization of the ideals embedded in Part XI of UNCLOS (Beurier, 2021). A lot of work remains to effectively implement the CHM concept in the run-up to the DSM exploitation phase (Willaert, 2020a) and there is still ample room for improvement with regard to transparency and public participation (Willaert, 2020b). Moreover, direct references to traditional knowledge and visions have not yet been integrated in the provisions of the “Mining Code,” this being the comprehensive set of rules and procedures issued by the ISA to regulate activities in the Area. However, some states and stakeholders have suggested including such aspects. These ambitions have been demonstrated by a recent proposal regarding a template with required minimum content for Regional Environmental Management Plans (REMPs) (International Seabed Authority, 2020a). To date, one REMP has been adopted for the Clarion Clipperton Fracture Zone, among others indicating Areas of Particular Environmental Interest (APEIs) where no mining operations can be conducted. In this proposal, which pleads for a standardized approach, Germany and the Netherlands list traditional knowledge of indigenous peoples and local communities as one of the guiding principles for the development of REMPs.14 Furthermore, attention is paid to the connectivity of migratory species, which are of cultural significance to indigenous peoples, traditional marine management areas and measures, as well as routes and marine features used by local communities for traditional instrument-free navigation.15 The ISA Council decided that the Legal and Technical Commission should take this proposal into account when further developing the guidance on the development of REMPs and a relevant template (International Seabed Authority, 2020b). Whilst there is no guarantee concerning the adoption of these guiding principles and considerations, the current developments certainly demonstrate that there is a growing call for inclusion of traditional visions and interests of local communities. Proposals were also submitted to promote participation of so-called ‘vulnerable communities’ within the context of the Environmental Compensation Fund. These suggested amendments to the Draft Exploitation Regulations were welcomed during the first part of the 26th session of the ISA Council meetings (International Seabed Authority, 2020d), and one of the delegates suggested to refer specifically to indigenous people and local communities who reside in adjacent coastal states, who are likely to be impacted (International Seabed Authority, 2019b).

Given the fact that DSM activities not only have an impact on the immediate seabed and the subsoil, but in the whole water column to the surface and the air above, it is necessary to also pay attention to the international legal regime governing ABNJ, which have tight “socio-ecological connectivity” to small Pacific Island States and populations (Popova et al., 2019). The revised draft text for an agreement under the United Nations Convention on the Law of the Sea on the conservation and sustainable use of marine biological diversity of ABNJ (A/CONF.232/2020/316) contains numerous references to the incorporation of relevant traditional knowledge of indigenous peoples and local communities in measures and activities connected to ABNJ, including the establishment of area-based management tools and the conducting of environmental impact assessments in the Area and the water column above it. It shows the influence of the group of Pacific Island Developing States (P-SIDS) in particular, in reconciling so-called “modern” and “traditional” knowledge of marine biodiversity. If such references remain in the final version of the text of the BBNJ instrument, they will send a strong signal that the ISA framework must take into consideration relevant traditional knowledge, in the interest of ensuring coherence and complementarity in the Ocean governance systems established under two implementing agreements of UNCLOS (i.e., the BBNJ instrument and the 1994 Implementing Agreement). It also bears mentioning that article 138 of UNCLOS mandates that the “general conduct of States in relation to the Area” must be in accordance with, among other things, “other rules of international law in the interests of […] promoting international cooperation and mutual understanding.” Arguably, such “other rules” must include not just those that will eventually form the BBNJ instrument but also those currently in force in relevant multilateral environmental agreements and processes.

For example, the work under the Convention on Biological Diversity (CBD) (Convention on Biological Diversity, 1992) with respect to the identification of Ecological or Biologically Significant marine Areas (EBSAs) involves the convening of regional workshops where holders of relevant traditional knowledge participate in the identification of such areas. Their participation means providing practical insights (for e.g., best practices) about the role of immemorial knowledge in understanding and managing marine socio-ecosystems as traditional commons.

Using a holistic and integrative representation that goes further than the spatial approach stricto sensu, the ecosystem approach, entrenched in EBSAs, is mirroring the commonalities between the scientific and traditional understanding of biodiversity. The ecosystem approach is the primary framework for action under the CBD (Convention on Biological Diversity (CBD), (Conference of the Parties) COP, 2000)17. It accommodates the human appetence for earth ecosystems, including coastal and marine ecosystems, with a science-based and “beyond fragmentation” governance that seeks integration for sustainable development. The ecosystem approach, which has given rise to several tools for integrated management of the marine environment (MPAs, Marine Spatial Planning (MSP), etc.), relies primarily on the scientific community as the main provider of knowledge. Pursuant to the objectives of the CBD (Art. 1 CBD), traditional knowledge, i.e., “knowledge, innovations and practices of indigenous and local communities embodying traditional lifestyles” (Art. 8 j) must be encouraged and protected [see also, Art. 10 (c), 15.5, 17.2, and 18.4. CBD], as a source of knowledge ‘in its own right.’ Neither of these two complementary and inextricable scientific and traditional perspectives of biodiversity dissociate the biotope from the biocenosis, the living from the non-living, the life from the cosmos, except for the purpose of making the complexity of the relationships between humans, societies and nature intelligible. Nevertheless, the economic and strategic utility and scarcity, whether virtual or real, of certain resources, areas and uses, more or less closely associated with the biodiversity and its knowledge, justify, legally speaking, particular management conditions and modalities within and beyond the ‘realm’ of national jurisdiction.



Regional Legal Framework

The “Pacific Way” [advocated by the Fijian Prime Minister Ratu Mara (1920–2004)] is a cultural norm elevated to the political level during UNCLOS III negotiations (1973–1982), shortly after the independence of most of Pacific Island States. It promotes shared local values, including the respect for the Vanua encompassing the sea, and relies on a “unanimous” mode of decision-making, that stems from facilitative dialogue among the members of the community (Haas, 1992; Mara, 1997; see also the Talanoa dialogue within the framework of the 1992 United Nations Framework Convention on Climate Change).

Most Pacific Island countries have ratified or acceded to global, regional or sectoral instruments relevant to ensuring the protection of the marine environment and biodiversity from DSM activities, such as the 1992 CBD (in force on December 29, 1993), the 1999 Madang Guidelines on Principles for the Development of National Offshore Mineral Policies and the 1986 Noumea Convention for the Protection of Natural Resources and the Environment of the South Pacific Region (in force on November 24, 1990), containing an indirect reference to the cultural value of areas and the exercise of traditional customary rights in its Protocol concerning Cooperation in Combating Pollution Emergencies in the South Pacific Region.

An example of regional cooperation with strong conservation benefits in the Pacific is the subregional Pacific Nauru Agreement (PNA) concerning Cooperation in the Management of Fisheries of Common Interest signed in 1982 between the Federated States of Micronesia, Kiribati, the Marshall Islands, Nauru, Palau, Papua New Guinea, Solomon Islands, and Tuvalu. This agreement has been updated and the measures were subsequently endorsed by the Western and Central Pacific Fisheries Commission (WCPFC). This regional Fishery Management Organization (RFMO) includes all Distant-water fishing nation fleets (DWFN) and coastal States that participate in the western and central Pacific tuna fisheries, the major commercial fisheries resource harvested in the Pacific (Thakur, 1991; South et al., 2004).

A further step toward collaborative ocean governance in the Pacific has been taken with the endorsement of the Pacific Oceanscape initiative in August 2010 by the Pacific Islands Forum (PIF) leaders which include Australia, the Cook Islands, the Federated States of Micronesia, the Republic of Kiribati, Nauru, New Zealand, Niue, Palau, Papua New Guinea, the Republic of the Marshall Islands, Samoa, Solomon Islands, Tonga, Tuvalu, and Vanuatu. This is the largest ocean governance initiative on Earth encompassing an area of 38.5 million square kilometers. Its framework emphasizes integrated ocean management across all sectors among which protection of the biodiversity is a key objective as well as building in-country capacity and expertise to ensure good governance (United Nations Environment Programme, 2010; Bourrel et al., 2018b).

Realizing their dependence on the Pacific Ocean and the shared responsibility to protect and preserve its vital resources, the Pacific Island states, supported by EU funding, also joined forces and cooperated with experts and stakeholders to develop a contemporary regional legislative framework for deep sea minerals exploration and exploitation (Secretariat of the Pacific Community, 2012). The document serves as a roadmap to guide policy-makers and government agencies of Pacific Island states toward effective legislation and adequate decision-making for the long-term benefit of island communities and future generations. Next to this legislative framework, the SPC-EU Deep Sea Minerals Project also produced a cost-benefit analysis of DSM in the region, regional scientific research guidelines, a regional financial framework and a REMP framework18. However, the Regional Legislative and Regulatory Framework for Deep Sea Minerals Exploration and Exploitation evidently is the most important document within the context of this article.

In the Pacific-ACP States Regional Legislative and Regulatory Framework (RLRF) for Deep Sea Minerals Exploration and Exploitation, several provisions take into account the interests and visions of the island communities. Potential benefits to citizens are mentioned, such as job creation, training and capacity building opportunities, attraction of foreign investment, and improvement of public services and infrastructure through additional funding, but the likely risks are not neglected. Therefore, environmental protection, responsible management of resources and due regard for social impacts are clearly emphasized19. A balance between all competing interests must be struck, and the environmental and social costs should not outweigh the potential benefits. Significant importance is also attached to public participation, in order to ensure that all relevant information and visions are taken into account, to enhance public knowledge, and to improve the effectiveness of the policy and decisions20, which might be particularly relevant within the context of environmental impact assessment (Bradley and Swaddling, 2018). By implementing public consultation procedures regarding DSM in relevant processes (e.g., environmental impact assessments) within the national legal order, the human rights of local communities potentially affected by these activities21, including their right to Free, Prior and Informed Consent (FPIC), and traditional rights over resources, marine species (e.g., migratory species) and spaces (e.g., “tabu” areas) – are respected. Here there must be an appreciation of the contested and complex assessment of compensation because value is held differently by different ocean stakeholders (see Cowell, 2003; Mason, 2003; on the politics of compensation). Fishing of, and activities relating to, highly migratory species such as sharks, turtles, and tuna, and other customary rights linked to the ocean, including cultural, social, political and spiritual rights, should be respected or compensated if they are negatively impacted. Although the areas which will be directly affected by seabed mining activities will be largely outside customary fishing zones, it is deemed important for all Pacific Island states to identify all customary marine tenure in their EEZ and avoid any conflicts, for example by concluding agreements with traditional leaders or local councils.

Public consultation processes should be implemented both in the development of laws as well as in subsequent decision-making. The importance of transparency is stressed and the introduction of appeal options against seabed mining decisions is encouraged to guarantee due consideration of the input and comments from members of the public.22 Thus, the RLRF for Deep Sea Minerals Exploration and Exploitation clearly acknowledges the fact that Pacific Island communities rely for their livelihoods upon sustainable use of the ocean and its resources.23 New activities should not unduly interfere with the various existing uses, including uses relating to highly migratory marine species and marine ecosystems adjacent to ABNJ. Therefore, integrated legislative or management regimes, which take into account all sea uses and their mutual impact, are highly recommended. The discussed framework document contains a concise model template for national DSM legislation, leaving sufficient room to elaborate a suitable regime according to the unique characteristics of each Pacific Island state, and provides a significant contribution to adequate regulation and legislative harmonization of seabed mining activities in the region24.

In addition, the Pacific region, through its regional organizations, has developed a regional framework for the protection of traditional knowledge and expressions of culture, in collaboration with WIPO, UNESCO, and other partners. The regional framework includes a model law on traditional knowledge and expressions of culture, on traditional biological knowledge, innovation, and practices as well as guidelines for the implementation of the model laws in national legislation. The framework is designed to enable Pacific Island countries to develop national legislation to protect, preserve and promote their traditional knowledge in close consultation with indigenous peoples and local communities. It contains definitions of traditional knowledge as well as traditional biological knowledge, innovation, and practices. Of relevance to seabed resource management, the model law on traditional biological knowledge, innovations, and practices defines “traditional biological knowledge” as “knowledge whether embodied in tangible form or not, belonging to a social group and gained from having lived in close contact with nature, regarding: (a) living things, their spiritual significance, their constituent parts, their life cycles, behavior and functions, and their effects on and interactions with other living things, including humans, and with their physical environment; (b) the physical environment; (c) the obtaining and utilizing of living or non-living things for the purpose of maintaining, facilitating or improving human life.” To the extent that DSM impacts such living things, their physical environments, and/or the ways in which holders of traditional knowledge utilize them for maintaining, facilitating, or improving human life (e.g., traditional knowledge and practices pertaining to highly migratory marine species of cultural significance, as well as to open Ocean traditional navigation routes), the regional framework should play a key role in addressing such impacts.



National Legislation


The Cook Islands

The Cook Islands, a self-governing country which comprises 15 islands in the southern part of the Pacific Ocean (Figure 4), are no strangers to DSM. They have not only obtained a contract from the International Seabed Authority to explore polymetallic nodules in the Area (International Seabed Authority, 2014a), but they also started exploration activities on their own continental shelf (DSM Observer, 2017). To achieve their DSM ambitions, the Cook Islands maintain close ties with the Belgian DSM company Global Sea Mineral Resources (GSR), a subsidiary of the DEME Group which obtained an exploration contract for polymetallic nodules in the Clarion Clipperton Fracture Zone in 2013 (International Seabed Authority, 2012c). The reserved area which GSR initially contributed is being explored by a joint venture between the Cook Islands Investment Corporation and GSR (International Seabed Authority, 2013b), sponsored by the Cook Islands which are also cooperating with GSR on the exploration and future exploitation of the mineral resources on their continental shelf (Hein et al., 2015; DSM Observer, 2017; Global Sea Mineral Resources, 2019).


[image: Map showing the Clarion-Clipperton Zone in international waters near Mexico, highlighting the Cook Islands concession. The Cook Islands Nodule Field is marked in green south of the Equator, near Kiribati and French Polynesia. Other regions shown include Hawaii, Samoa, Fiji, and Tonga.]

FIGURE 4. Context map showing the Cook Islands manganese nodule fields in relation to neighbouring countries and the Clarion Clipperton Zone [Figure constructed by McCormack (2016) and Petterson and Tawake (2016)].


Traditional dimensions of seabed resource management are clearly integrated in the national laws of the Cook Islands (Table 2). In 2017, the island state set up a vast marine park, covering their entire territorial sea and EEZ which encompasses almost 2 million km2 and is said to hold a huge share of the world’s currently known cobalt reserves (Cook Islands Marae Moana Act, 2017; DSM Observer, 2017). The area and the relevant legal Act are named “Marae Moana” (“ocean sanctuary”), signifying the importance of the ocean space to Cook Islanders (Flood et al., 1999; International Union for Conservation of Nature, 2018). Interestingly, the Cook islanders did not used the term “tapu moana” (“sacred ocean”), which would imply a strict and formal interdiction, but “marae” (“open air sanctuary”), referring to the ancient stone platform where political and religious decisions were made (Bambridge, personal communication). Cook Islanders feel that the sea ties them to their ancestors, who believed that it is vital to be good to the ocean: in order to harvest, you first have to protect. Therefore, the Marae Moana Act has the primary purpose of protecting and conserving the ecology, biodiversity and heritage values of the Cook Islands marine environment25. The holistic framework of this Act, which also recognizes the connectivity between terrestrial and marine environments, aims to promote shared use26 and sustainable development. It balances economic interests like tourism, fishing and deep-sea mining with conserving marine biodiversity and ecology, in order to maximize the benefits for the current and future generations of Cook Islanders27.


TABLE 2. Analysis of the actions taken by Pacific Island States towards developing national legislation and policies governing DSM in their EEZs and in the Area and of the degree to which these States incorporate traditional dimensions.

[image: A table compares deep-sea mining (DSM) legislation, policies, and traditional dimensions among the Cook Islands, Papua New Guinea (PNG), the Federated States of Micronesia (FSM), and Kiribati. The Cook Islands Seabed Minerals Act of 2019 and related policies emphasize marine park protection. PNG has several acts governing mining, but few specific to DSM. FSM legislation focuses on environmental protection and community impacts. Kiribati legislation aligns with FSM standards but emphasizes deep seabed activities. Each country's approach to integrating traditional dimensions varies, with emphasis on heritage, public participation, and environmental responsibilities.]
[image: A table compares deep sea mining (DSM) legislation and policies across five Pacific nations: Marshall Islands, Nauru, Palau, Solomon Islands, and Tonga. The table covers existing laws, precautionary principles, environmental practices, and the engagement of indigenous peoples. It highlights Marshall Islands' draft legislation, Nauru's best practices, Palau's Marine Sanctuary Act, Solomon Islands' 2020 National Minerals Policy, and Tonga's precautionary approach and stakeholder engagement. Each nation’s approach to resource management and protection of traditional uses is noted.]
[image: A text table compares deep seabed mineral (DSM) legislation in Tuvalu, Vanuatu, Fiji, and Samoa. Tuvalu has comprehensive DSM legislation with environmental protection measures. Vanuatu lacks DSM legislation but has a draft policy focusing on Indigenous rights. Fiji enacted a DSM management decree without referencing Indigenous knowledge but includes precautionary measures. Samoa has no DSM legislation or policies, similar to Fiji's approach. The table includes references and footnotes to specific laws and external publications.]
The multiple use Marae Moana park, which is managed by a Marae Moana Council28 supported by a Technical Advisory Group29 and a Coordination Office30, is thoughtfully divided into specific zones, linked to well defined purposes31. National ownership and widespread support are ensured by promoting transparency and by involving the island communities in the decision-making processes: the Marae Moana is believed to belong to all Cook Islanders, so everyone should have a say on how it is managed32. However, in reality, the Coordination Office is placed under the direct authority of the Prime minister’s cabinet, limiting the participation of the Matahiapo (chief of villages). One of the most prominent measures is the creation of MPAs (extending up to 50 nautical miles around each of the fifteen islands), which are reserved for the local communities and impose a ban on commercial fishing or seabed mineral activities33. Some of these zones are designated as ra’ui areas, referring to the ancient Polynesian form of resource management. The power of ra’ui as unwritten rules to manage certain areas or specific resources always remained strong in the outer Cook Islands, where local tradition often overrules national laws, but it fell into disuse on the main island Rarotonga half a century ago. Following a few unsuccessful attempts, the Marae Maona Act wants to reinvigorate and support this practice, as the reimplementation of ra’ui should also serve to restock the lagoon fish and protect the coral reef communities (Initiative Française pour les Récifs Coralliens, 2008).

To keep large scale DSM activities under control, the Marae Moana Act designates specific zones for nodule collection34. Moreover, the specific DSM legislation of the Cook Islands – which covers both marine mineral activities within the Cook Islands national jurisdiction, as well as seabed mining in the Area – also contains several provisions that take the visions, interests and well-being of local communities into account (Cook Islands Seabed Minerals Act, 2019). Next to the usual application criteria regarding financial and technical capability35, as well as compatibility with the applicable international rules36, the Seabed Minerals Act for example requires that the proposed seabed mineral activities in the Area are likely to lead to capacity-building, long-term employment or structural economic benefits, and will not result in irreparable harm to any community, environment or cultural practice in the Cook Islands37, which is quite unique in the global landscape of DSM laws (Willaert, 2020c, d).

With regard to DSM activities within national jurisdiction, the Seabed Minerals Act stipulates no license may be granted which is not demonstrably in the national interest, but capacity building, long-term employment and the preservation of cultural practices are not explicitly mentioned as relevant factors in such assessment38.

Although the Seabed Minerals Act does not prescribe an obligatory consultation process for DSM applications in the Area, the Cook Islands Seabed Minerals Authority may at any time and in any way it sees fit consult with experts, interest groups or the general public before making a decision39. With regard to DSM activities within national jurisdiction, a mandatory public consultation process is instituted, specifying that any application shall be notified to the public of the Cook Islands and all remarks and information received must be considered40.

To safeguard the interests of the general public, specific provisions to prevent collusion or conflicts of interest are moreover included41. Due to the recent enactment of the discussed national laws of the Cook Islands, it is very hard to evaluate their merits and effects, but it can arguably be stated that the references to traditional dimensions of seabed resource management and the provisions safeguarding the interests and values of island communities included in the 2017 Marae Moana Act and the 2019 Seabed Minerals Act appear very promising, even if traditional participation is not yet taken into account in the Marae Moana Coordination Office. Moreover, the discussed legislation of the Cook Islands has since been subject to review and public consultation processes and has subsequently been amended, demonstrating willingness to consider the opinion of all stakeholders and act accordingly (Cook Islands Seabed Minerals Amendment Act, 2020).



Papua New Guinea

Papuan colonial and post-colonial history features numerous cases of socio-ecological accidents or conflicts between indigenous peoples, the State and extractive industries (Navarre and Lammens, 2017; Childs, 2019). Despite that history, PNG has been the first country in the world engaged in DSM within its EEZ and, to invest in a commercial seafloor massive sulfide mining venture (Figure 5 and Table 2). Since 1997, Nautilus Minerals Inc., a Canadian owned company founded in 1987, has been exploring PNG for polymetallic sulfides deposits. It was also the first private company, through its subsidiary Tonga Offshore Mining Ltd. (TOML), with an exploration license in the Area. In 2009, PNG gave the company an environmental permit for the Solwara 1 deposit, followed by a 20-year mining lease to explore mineral-rich hydrothermal vents at the Solwara 1 site obtained in 2011.


[image: Map illustrating tenement locations in Papua New Guinea's territorial waters as of October 2010 by Nautilus Minerals. It shows exploration licenses in the Bismarck Sea and Solomon Sea using red and yellow colors to denote different license statuses. Key locations like New Guinea, New Britain, and New Ireland are marked, with an inset globe highlighting the map area.]

FIGURE 5. Solwara 1 project is the first proposed DSM area for PNG. Nautilus Tenements in PNG (https://www.solwaramining.org/).


The Solwara 1 Project was approved under the Papua New Guinea (PNG) Mining Act (1992) (Table 2). Just as there is no special legislation on offshore mining beyond the territorial seas, there is no specific provision on DSM in the Environment Act 2000, such as Strategic Environmental Assessment or Seabed Protection Areas. Enacting a comprehensive legal framework to ensure that DSM activities are sustainably managed is most urgent. The Environment Act 2000 should be interpreted together with the Mining Act 1992 to provide the necessary legal framework to conduct secure DSM activities, for instance to oblige applicants to conduct Environmental Impact Assessment (EIA) in compliance with environmental law standards (Kakee, 2020). The Papua New Guinea (PNG) Environment Act (2000) categorizes activities that require environmental permits as level 3, because the latter may result in serious environmental harm42. Level 3 activities comprise generic mining activities that require the issue of a Special Mining Lease under the Mining Act 1992 (Div. 2). The extensive EIA provisions (Div. 3) apply to such activities and make major amendments to environmental permits.

Shortly after the mining lease was issued, PNG entered into a State Equity Option Agreement with Nautilus Minerals Inc. To exercise its 30% interest option, PNG had to take on a controversial 15% equity stake financed by a loan from the Bank of the South Pacific.

Due to repeatedly delayed payments, the government lost approximately 120 million USD. After having supported the Solwara 1 project for a long time, the government described it as “a total failure” and called, along with other South Pacific governments, for a moratorium on DSM in 2019 (RSC Mining and Mineral Exploitation, 2019). The same year, Nautilus Minerals Inc., in dire financial straits, was restructured and acquired by DSM Finance. It now has full ownership of interests and rights to Solwara 1 and is positioned to lead the project into commercial production.

The Papuan Solwara 1 project demonstrated shortcomings in the traditional dimensions of seabed resource management in the absence of an adequate and up-to-date regulatory framework. It resulted in public opposition of various forms, including petitions to the government (Rosenbaum, 2011). Criticism has crystallized around the lack of Free, Prior, and Informed Consent (FPIC) of Indigenous Peoples and local communities, as well as the undervalued social and cultural impacts of the project (Table 2).

Pursuant to the Papua New Guinea (PNG) Mining Act (1992)43 and the PNG Environment Act 200044, Nautilus Minerals Inc. has arguably conducted consultations among the coastal communities likely to be impacted by the Solwara 1 project (Earth Economics, 2015). These consultations have been criticized for being biased, too technical and not sufficiently publicized (Blue Ocean Law and Pacific Network on Globalisation, 2016; Navarre and Lammens, 2017). Members of communities nearby the Solwara 1 site often claimed a lack, an ignorance or even a breach of their rights, in particular for not having been consulted about their perspective on DSM and its implications on indigenous culture (Sensu, PNG Karkum National Seabed Mining Forum Statement, 2008, §8). Furthermore, according to the local communities, social and cultural impacts of DSM have been disregarded by Nautilus Minerals Inc. The company declared that its mining operations would “have no human impact,” by virtue of being distant at sea (Childs, 2019). According to PNG positive law, it remains unclear whether the EIA, which is not legally defined, includes the social and cultural impacts (Papua New Guinea (PNG), 2004). The PNG Environment Act, 2000 defined the environment and environmental harms holistically as encompassing “people and communities”45. Without being landowners per se (Filer and Gabriel, 2018), small island communities nearby the Solwara 1, have argued that their relational ontology positions “beings,” “spirits,” and “nature” as co-shapers of graun (the world or the cosmos) and not as separate realms (Guilloux, 2018; Childs, 2019)46.

Independent studies also highlighted that Nautilus Minerals Inc. failed to properly identify the risks associated with the project and underestimated its impact on local communities (Intercontinental Cry, 2008; Luick, 2012; contra, Batker and Rowan, 2015; RSC Mining and Mineral Exploitation, 2019). Paradoxically, Nautilus Minerals Inc. tried to enact different forms of community engagement, based on the need for “a social license to operate” (Baker and Beaudouin, 2013; Childs, 2019).



Other Pacific Island States

Several other Pacific Island States have taken concrete steps toward developing (if not enacting) national legislation governing DSM in their maritime zones as well as in the Area by actors subject to the jurisdiction or control of those Pacific Island States. In Table 2, we assess the degree to which the Pacific Island States-namely the Federated States of Micronesia, Fiji, Kiribati, the Marshall Islands, Nauru, Palau, Samoa, Solomon Islands, Tonga, Tuvalu, and Vanuatu, as well as Cook Islands, PNG presented earlier, incorporate traditional dimensions and considerations into their statutory governance of deep seabed resources. This includes engaging in suitable consultations with Indigenous Peoples and Local Communities (“IPLCs”) whose maritime interests could be impacted by DSM and taking their traditional management of maritime spaces into consideration, as well as securing the Free, Prior, and Informed Consent (“FPIC”) of Indigenous Peoples for extractive DSM activities in relevant domestic maritime zones as well as in the Area (Table 2).

The survey in Table 2 shows that most of the listed Pacific Island States have DSM legislation or policies, many of which stem largely from the SPC-EU DSM Project (Secretariat of the Pacific Community, 2015), either already enacted/adopted or currently in draft form and subject to ongoing national consultations. Approximately half of the legislation surveyed in this sub-section does not contain provisions pertaining to Indigenous rights or other relevant human rights, including FPIC. The other half contains some provisions on FPIC, consultations, and the precautionary approach/principle, although enforceability of such provisions remains questionable. Some of the legislation also references applicable international law standards in connection with the protection of the marine environment (if not DSM specifically), which might sweep in considerations of FPIC, consultations with IPLC, and other Indigenous and human rights, even if they are not explicitly addressed in such legislation (Aguon and Hunter, 2018).

Additionally, although there are references to FPIC and other rights and considerations pertaining to IPLC in the national legislation of several Pacific Island States, there are almost no explicit references to IPLC themselves in such legislation. This is not necessarily a repudiation of IPLC as legitimate populations. The predominant populations in the Pacific Island States whose legislation is reviewed in this section are essentially IPLC already, given their status as descended from the first peoples of those islands. By some accounts, the native inhabitants of Pacific Island States own or have some other customary tenure relationship to at least 80 percent of the land in those States, along with associated marine tenureship (Australian Agency for International Development, 2008). However, as there is no established definition for IPLC in international law, and as rights and considerations such as FPIC are typically tied explicitly to references to IPLC in international law and discourse, the absence of explicit mentions of IPLC in most of the national legislation surveyed in this sub-section is striking and might lead to a less-than-robust appreciation of IPLC in the legislation.

To summarize, to the extent that they address DSM in national legislation or policies, Pacific Island States generally recognize the precautionary principle/approach as well as the applicability of prevailing standards of international law, particularly with regard to averting, minimizing, or remedying harm to the marine environment. Several Pacific Island States explicitly recognize FPIC, including in connection with consultations with potentially affected “marine or coastal users.” However, few of those Pacific Island States also explicitly reference Indigenous Peoples and attendant Indigenous Rights (with the exception of FPIC), which introduces a vagueness in the legislation of those States that could be exploited to minimize or dismiss the full application of FPIC and similar rights and considerations to IPLC. Accordingly, there will be a need to reshape legal regimes, likely through some legal creativity, to include traditional dimensions of seabed resource management in all of these Pacific Island States solely based on their relevant national DSM legislation and policies. However, the “hooks” are there, if only interested stakeholders utilize them.



DISCUSSION


Traditional Practices in Managing Sustainably the Marine Environment and Natural Resources

Presently, there is a recognition that many science-based sectoral and top-down approaches for managing marine resources have not always adequately protected species, habitats and ecosystems. The customary marine management practices of the Pacific Islands States preceded the development of science-based conservation and resource management and were generally effective since they were evolved by and protected the long-term interests of the resource users. These practices continue to play an important role in the co-management of local marine resources (Johannes, 1978, 2002). Many traditional marine management practices offer selective and flexible restrictions of access and use that can be applied either on their own or together with other science-based tools and approaches such as Ecosystem Based Management (EBM), Environmental Impact Assessments (EIA), Guidelines, Monitoring strategies, permits, the control of techniques or gear… These practices can be flexibly applied according to space/location, time/weather conditions and seasons, and can be subject to monitoring and review, making adaptive management possible. They are governed by customary institutions and laws that incorporate local socio-economic considerations (Johannes, 1998; Johannes and Hickey, 2004) and thus continue to play an important role in the co-management of local marine resources (Johannes, 1978, 2002; Doulman, 1993).

Traditionally, Pacific Islanders generally own their coastal resources and can demonstrate their commitment to undertaking resource management activities which are in some cases integrated in national legislation. Therefore, traditional knowledge and community-based marine managed areas have a central role to play in reaching national, regional and international MPA targets, and this role is explicitly recognized in the CBD work program on island biodiversity (CBD, decision VIII/1). The Pacific Island states have collectively established some of the world’s most sophisticated and highly collaborative conservation and management tools in their EEZs. Through the establishment of cooperative capacity building institutions, these island states characterized by minimal institutional capacity and large maritime domains provide an important example of the benefits of regional and sub-regional cooperative approaches.

As many Pacific Island countries are in the beginning stages of the formal implementation of the ecosystem and integrated approaches [Integrated Coastal Zone Management (ICZM), MSP] as defined by international conventions and processes, there is an opportunity and as this paper shows, a need to take into account the important role of traditional knowledge in such approaches and decision-making processes. Stakeholder participation is a central concept of the ecosystem and integrated approaches which in the case of DSM implies the recognition in domestic law of Indigenous Peoples and local communities as stakeholders or, a minima, as holders of a right to participate in decision-making processes. Under customary law, Indigenous Peoples and coastal local communities of the Pacific consider themselves principal rights holders as resource owners (or resource custodians) rather than stakeholders. Regardless, Indigenous Peoples and coastal local communities are often underrepresented in national management committees or have their own customary decision-making processes (palavers, pourparlers) concerning the management of customary coastal and marine tenures. For example, the traditional term “ra’ui” and the modern term “Protected Areas” can essentially be considered synonymous in the case of Cook Islands due to the role of its Council of its Traditional Leaders (Koutu Nui). In recent years, traditional owners, island councils, landowners, communities and government have all played roles in establishing and managing Protected Areas. Science based tools such as monitoring, control and surveillance capacity as well as continued education and awareness are important for maintaining support to “ra’ui.” The coral reefs of Polynesia Mana Node (Cook Islands, French Polynesia, Kiribati, Niue, Tokelau, Tonga, and Wallis and Futuna) have a network of MPAs where local populations participate, reviving their culture and traditions as a basis for sustainable reef management. The French Polynesia and Cook Islands Rāhui or Ra’ui is imposed by chiefs on some marine areas, to turn them into temporary no-take zones to protect fish spawning, or to ensure that there is suitable food for upcoming celebrations (Vieux et al., 2004).

The success of traditional marine management by communities combined with science-based tools and approaches in Pacific Islands may help the world find appropriate solutions to conserve cultural and biological diversity and reach the international targets related to conservation and the sustainable use of the biodiversity. Traditional practices are generally accompanied by strategies and resources to support sustainable use, viable livelihoods and equitable sharing of benefits. In several cases, customary laws can provide more diverse and culturally appropriate approaches to enforcement, compliance, monitoring and restitution. The effectiveness of traditional practices is often a reflection of the strength and the viability of the customary law regime. There may also be issues regarding enforcement, the viability of a closed area in the long term, and the roles taken by governments, communities and traditional leaders (Tuquiri, 2001).



Traditional Knowledge and Practices Leading to Sustainable Ocean Management

As traditional knowledge and practices increasingly play central roles in existing intergovernmental ocean management processes, the international community will appreciate more fully the interactions between traditional knowledge and practices on the one hand, and classic notions of science on the other hand, particularly in connection with the Ocean. In 2017, in the wake of the first World Ocean Assessment of the United Nations in 2016 and its findings on the limited time remaining to manage the ocean sustainably, the United Nations General Assembly, in resolution 72/73, decided to proclaim the decade of 2021–2030 as the United Nations Decade of Ocean Science for Sustainable Development, with a view to ensuring that ocean science is at the heart of sustainable ocean management. To prepare for the Decade, per resolution 72/73, the United Nations General Assembly tasked the Intergovernmental Oceanographic Commission (IOC) of UNESCO to develop—in “consultation with Member States, specialized agencies, funds, programs, and bodies of the United Nations, as well as other intergovernmental organizations, non-governmental organizations and relevant stakeholders”—an Implementation Plan for the Decade for review and endorsement by the United Nations General Assembly (UNGA).

After extensive consultations, including at the Pacific regional level, the IOC released a draft implementation plan in July 2020 for consideration of United Nations Member States (United Nations Educational, Scientific and Cultural Organization/Intergovernmental Oceanographic Commission, 2020). The draft implementation plan, among other things, states that “Ocean science is broad: it encompasses natural and social disciplines [and] local and indigenous knowledge.” Moreover the plan envisions “holders of indigenous and local knowledge… as essential partners of the Decade [who] will contribute to highlighting the multiple cultural values of the ocean,” including through the “co-development, co-design and co-delivery” of key actions for the Decade. It also “embraces local and indigenous knowledge as a key knowledge source” for ocean science; and calls on local, regional, and global initiatives enacted for the Decade to “accommodate forms of knowledge [e.g., indigenous and local knowledge] that may not align with scientific numeration or may require new ways of digital representation of evidence.” UNGA has accepted the Implementation Plan on 31 December 2020 as part of Resolution A/RES/75/239.

While the draft implementation plan for the Decade appears to treat traditional knowledge (or, in the parlance of the plan, “indigenous and local knowledge”) as well as its holders as intrinsic partners alongside classic understandings of ocean science, the draft does define ocean science in a broad manner to include—or at least accommodate—such knowledge, even if such knowledge might not follow classic methods for producing science (e.g., “may not align with scientific numeration”). There is tension in this approach, in which the draft, on the one hand, acknowledges the distinct nature of traditional knowledge that can complement classic ocean science, but on the other hand, tries to sweep traditional knowledge under a larger umbrella of ocean science with other sources of knowledge that might have different approaches to knowledge production and testing. Nevertheless, the draft represents one of the most robust acknowledgments by the international community of the key role played by traditional knowledge in ocean management at all levels, including regional and global levels.

A possible test of the Decade’s approach to ocean science and traditional knowledge in the context of DSM will likely play out in the interactions between the BBNJ instrument and the work of the ISA. The ISA is mandated by UNCLOS to regulate all activities in the Area but does not have a direct mandate to regulate activities in the water column above the Area; whereas the BBNJ instrument will likely have a mandate to regulate the conservation and sustainable use of marine biological diversity of all ABNJ, including the Area and the water column above the Area (Warner, 2014). However, according to United Nations General Assembly Resolution 72/249—i.e., the enabling resolution for the current intergovernmental conference to adopt the BBNJ instrument—the BBNJ instrument “should not undermine existing relevant legal instruments and frameworks and relevant global, regional and sectoral bodies,” which presumably include the work of the ISA. Also, the ISA is increasingly considering the impacts of activities in the Area on the water column above, including on the biological diversity therein. To what extent can both processes work together without undermining each other?

Traditional knowledge will likely play a role in answering that question. The current revised draft text of the BBNJ instrument (United Nations, 2019)47 has numerous references to the applicability and incorporation of the relevant traditional knowledge of IPLC in multiple facets of the instrument. These include in reference to area-based management tools (ABMTs) that will likely be placed in the Area or in the water column above the Area [e.g., in article 16(1) as a basis for the identification of areas needing management, in article 17 on the development of proposals for ABMTs, and in article 18 on consultations for and assessments of ABMT proposals]. Traditional knowledge may also be incorporated in EIAs for planned activities that can potentially impact marine biological diversity of ABNJ (e.g., in article 32 requiring that relevant traditional knowledge of Indigenous Peoples and local communities be used as a basis for the identification and evaluation of impacts in EIAs, in article 34 requiring that holders of relevant traditional knowledge be consulted as stakeholders in the EIA process, and in article 35 requiring that the content of an EIA include a description of potential impacts of an assessed activity). Finally traditional knowledge will be crucial for institutional arrangements under the BBNJ instrument [e.g., in article 49(2) specifying the involvement of experts in relevant traditional knowledge of Indigenous Peoples and local communities in the Scientific and Technical Body established for the BBNJ instrument]. These mentions of such relevant traditional knowledge in the draft BBNJ instrument are typically paired with mentions of the best available scientific information, thus underscoring the complementary role played by such traditional knowledge relative to classic understandings of science.

By contrast, the current draft of the exploitation regulations for the Mining Code of the ISA does not mention traditional knowledge or its holders at all. It has a few references to sociocultural issues and environments as part of the Annex on Environmental Impact Statements, but they are vague and do not explicitly reference traditional knowledge or its holders. Instead, the draft places major emphasis on classic science, thus setting up a potential conflict with the BBNJ instrument’s likely incorporation of traditional knowledge in its regulation of marine spaces and activities that will overlap in some manner with the work of the ISA.



RECOMMENDATIONS

This article has touched upon several elements, which are important to establish and maintain adequate systems and policies with regard to sustainable seabed resource management. Ideally, science-based approaches and traditional perspectives are harmoniously integrated in one coherent and effective approach, embedded in a clear legal framework. However, our analysis has demonstrated the tensions that exist between these aspects, complicating efficient policy-making that is, notably, respectful of indigenous and traditional knowledge. In case of conflicts, it is unclear which of these considerations should be prioritized and translating these methods and ideas into adequate laws and regulations is a difficult task. Moreover, customary rules must be taken into account and national, regional and international legal instruments should be properly aligned, generating additional challenges, as identified through our analysis of cross-scalar legal landscapes. Finally, although embedding the discussed concepts in legal frameworks constitutes a crucial first step, it must be stressed that the law in theory differs from the law in practice. Indeed, without appropriate implementation and enforcement, laws and regulations are just empty words and will not contribute to the integration of traditional dimensions in seabed resource management in the Pacific.

On the international level, the status of the Area and its mineral resources as CHM can be considered a clear reflection of the general idea of collective ownership – including, of course, indigenous ownership – and of mutual conservation objectives. The concept is supported by various rules and principles, including the strict duty to effectively protect the marine environment and the prominent goal of equitable sharing of financial and economic benefits. However, several mechanisms have not yet been operationalized and a lot of work remains to be done. In specific policy areas, a trend toward inclusion of traditional perspectives and due regard for the impact on local communities seems to be developing, but this has not yet been translated into enforceable legal rights and obligations. Furthermore, more transparency and public participation of local communities should be injected in the functioning of the ISA and in the legal regime governing exploration and exploitation activities in the Area.

Despite positive legal developments supporting both the ecosystem and customary-based approaches under the CBD, Indigenous Peoples and local communities, when recognized as such under national laws, remain challenged by the complex operationalization in space and time of DSM activities. Because custom and traditional commons have always been highly flexible and adaptable, DSM activities fall inside the ‘realm’ of customary discussion and exchange. With the promotion of scientific knowledge production, the integration of traditional knowledge generated by local communities into multi-actor and multi-scale decision-making processes and governance systems is key for the implementation of the ecosystem approach to DSM. This integration still depends on variable and complex socio-ecological systems. Those systems and circumstances influence and shape the development and implementation of norms, knowledge, innovations, practices, and capacities highly relevant for managing interconnectivity and extensive human activities and ecosystems, such as deep seabed mining and ecosystems, and must therefore be addressed in that regard too.

On the regional level, The Pacific Island states could benefit from combining their resources and expertise on traditional knowledge on ocean matters to include in a regional integrated strategy, such as in the Pacific Islands Regional Ocean Policy and Framework for Integrated Strategic Action (Tuquiri, 2001; Secretariat of the Pacific Community, 2005), for addressing the challenges of DSM, as fostered by Lily (2016), which would include innovations, cooperative planning and the involvement of all stakeholders which would encourage partnerships and collaboration locally and internationally. DSM mitigation responses and adaptations in the Pacific Islands have to be appropriate for each of these nations. Simulations and various scenarios can be applied to explore anticipated impacts.

On the national level, the case studies in this paper have demonstrated that some relevant laws of the Pacific Island states, which are clearly inspired by the regional legislative efforts, try to embed the traditional perspectives and interests of local communities to a certain extent. Cook Islands clearly play a pioneering role in this regard and their recent laws on MSP and seabed resource management can serve as examples for other Pacific Island states. The Cook Islands Marae Moana Act, which lists the conservation of heritage values of the marine environment as one of its primary objectives, starts from the idea of an ‘ocean sanctuary’ and reinforces this concept through several deliberate measures, including involvement of the general public and thoughtful spatial planning, enabling the reinvigoration of traditional resource management systems, such as the designation of ra’ui areas. The specific DSM legislation of the Cook Islands equally contains additional criteria to evaluate a sponsorship application, which promotes capacity-building and long-term employment and prevents irreparable harm to local communities or cultural practices.

Several other Pacific Island States have taken concrete steps toward developing national legislation governing DSM in their maritime zones such as Fiji, Tonga, Tuvalu and Kiribati. Some others, such as Papua New Guinea, demonstrate the dire necessity to reform the national legal and institutional framework for deep-sea mining in accordance with international conventions to which they are Parties. This also implies accommodating such a framework with the traditional values, needs and practices of Island communities and ultimately, securing scientific and DSM activities, as well as related foreign investments, based on trust and transparency.

The actionable recommandations are the following:

	- As most oceanian cultures do not assert human dominion over the ocean but rather, formulate it in terms of responsibilities, it is important to recognize the cultural and social values attached to traditional knowledge and practices related to marine ecosystems and seabed resource management through national legislation and ISA regulations. Therefore, risk assessment measures prior to DSM exploration should include this particular relation of Pacific islanders’ traditions to their environment through a precautionary approach.
	- Scientific knowledge should be gathered, and when agreed upon by local and traditional communities, traditional knowledge related to marine ecosystems and seabed resource should be integrated into management bodies in the region.
	- The Ecosystem approach perspective should be analyzed through the lens of natural resources functioning and management and traditional practices should be promoted in its implementation.
	- Because custom and traditions about resource management in the Pacific fundamentally rely on reciprocal relationships, it is crucial to foster an adaptive context-based socio-ecological governance that relies on the active participation of local and traditional communities in decision-making, as well as in implementation of DSM projects.
	- The holistic approach should be envisioned as continually changing with the variability of socio-ecological factors, one reason for which implementation of seabed resource management should be adaptative and progressive.
	- As most customs in the Pacific are centered around the concept of responsibility established with respect to the ocean and its many inclusive entities, it is important, to foster positive learning and sharing of marine ecosystems, in particular those related to the deep sea resource management and traditional dimensions at a regional level.
	- This holistic approach should be replicated, integrating deep sea ecosystem functioning and seabed resource management and traditional practices, in applying traditional knowledge to MSP and management in DSM projects in other oceanic regions in the world.



AUTHOR CONTRIBUTIONS

VT worked on the deep sea mineral resources and associated ecosystems, impact assessments on the seabed and water column, socio-ecological perspectives integrated in ocean governance. KW worked on the legal aspects at all levels. BG worked on the legal aspects at all levels, and the socio-ecological dimension of ocean governance. FG and TB contributed on the traditional perspectives in area based management in the Pacific Islands. WC worked on socio-economic aspects of DSM. CM worked on the legal aspects at all levels, international and national as well as the traditional perspectives of Pacific Island countries. KP contributed with human geography. AD worked overall on the text in particular in the context, the ecosystems and traditional sections, and the discussions and conclusions. All the authors contributed to the article and approved the submitted version.



FUNDING

The full cost of submission has been supported by personal funding from the authors.



ACKNOWLEDGMENTS

This publication is based upon work from COST ACTION CA15217-Ocean Governance for Sustainability-challenges, options and the role of science, supported by COST (European Cooperation in Science and Technology, www.cost.eu). BG’s contribution is supported by ISblue Project, Interdisciplinary Graduate School for the Blue Planet (ANR-17-EURE-0015) and co-funded by a grant from the French Government under the program “Investissements d’Avenir.”


FOOTNOTES

1 HWSL are commonly used in the Convention for Biological Diversity (CBD) and the international fora on sustainable development. HWSL are the social, spiritual, cultural and traditional characteristics and the capabilities, tangible assets and means of living that set the stage for sustainability, resilience and adaptability of people to change collectively (The World Commission on Environment and Development, 1987; Holden et al., 2014).

2 The DSCC is an alliance of over 60 international organizations working to promote the conservation of biodiversity on the high seas (www.savethehighseas.org).

3 Pierre Bourdieu developed a theory of action around the concept of habitus. This theory seeks to show that social agents develop strategies, based on a small number of dispositions acquired by socialization which, although unconscious, are adapted to the necessities of the social world (Bourdieu, 1980).

4 UNCLOS, Preamble and Art. 134.

5 Ibid., Art. 137.

6 Ibid., Art. 157(1).

7 Ibid., Art. 153(2)(b), Annex III Art. 4(1) and (3).

8 Ibid., Art. 77.

9 Ibid., Art. 137.

10 Ibid., Art. 141.

11 Ibid., Arts. 143 and 144.

12 Ibid., Art. 145.

13 Ibid., Art. 140.

14 International Seabed Authority, 2020a, at p. 5.

15 Ibid., at pp. 6–7.

16 https://undocs.org/en/a/conf.232/2020/3

17 According to the CBD, the overall goals in applying an ecosystem approach in the management of natural resources, land and oceans surrounding islands are to ensure that activities based on natural resources: (1) are ecologically and economically sustainable; (2) meet societal needs; and (3) singularly or in combination do not threaten ecosystem integrity and health or compromise marine or biological diversity or intergenerational equity (Convention on Biological Diversity, 2007).

18 https://dsm.gsd.spc.int/index.php/publications-and-reports

19 Secretariat of the Pacific Community, 2012, at pp. 7–8.

20 Ibid., at pp. 32–33.

21 Ibid., at p. 33.

22 Ibid., at pp. 33–34.

23 Ibid., at pp. 42–44.

24 Ibid., Annex II.

25 Cook Islands Marae Moana Act, 2017, s. 3(1) and 5(a).

26 Ibid., s. 5(a)(ii).

27 Ibid., s. 3(2)(b) and 5(b).

28 Ibid., s. 9–13.

29 Ibid., s. 14–17.

30 Ibid., s. 18.

31 Ibid., s. 3(3)(d), 20 and 23.

32 Ibid., s. 3(2)(c) and 5(d)-(e).

33 Ibid., s. 24 and Schedule 1.

34 Ibid., s. 23(1)(c).

35 Cook Islands Seabed Minerals Act, 2019, s. 134(2)(a)(ii).

36 Ibid., s. 134(2)(b).

37 Ibid., s. 134(1)(c).

38 Ibid., s. 69(1)(c) and (2).

39 Ibid., s. 124.

40 Ibid., s. 66.

41 Ibid., s. 26(e) and 163.

42 PNG Environment Act, s. 42(2)(b).

43 Papua New Guinea (PNG) Mining Act, 1992, s. 3.

44 Papua New Guinea (PNG) Environment Act, 2000, s. 4(i).

45 Ibid., s. 2.

46 For example, the inhabitants of Lavongai (New Hanover Island) are concerned that they will not be able to join their ancestors after death, as the place where spirits are supposed to pass over is located within the area Nautilus Minerals Inc. had been awarded an exploration lease by the government (Navarre and Lammens, 2017). DSM could also alter the development of shark populations and thereby affect a traditional fishing practice known as “shark calling,” an indigenous rite of passage from PNG in which young men lure sharks from the deep using magic, catch and kill them bare-handed (Messner, 1990).

47 https://undocs.org/en/a/conf.232/2020/3
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Limited progress has been made in implementing integrated coastal and marine management (ICM) policies globally. A renewed commitment to ICM in Canada offers an opportunity to implement lessons from previous efforts over the past 20 years. This study applies three core ICM characteristics identified from the literature (formal structures; meaningful inclusion; and, innovative mechanisms) to identify opportunities for operationalizing ICM from participants’ lived experiences in Atlantic Canada. These characteristics are employed to assess and compare ICM initiatives across two case studies in the Upper Bay and the Lower Bay of Fundy. The assessments are based on semi-structured interviews conducted with key participants and a supplementary document analysis. The following insights for future ICM policies were identified: adaptive formal structures are required for avoiding previous mistakes; a spectrum of approaches will support meaningful engagement in ICM; local capacity is needed for effective innovative mechanisms; and, policy recommendations should be implemented in parallel. Although these insights are relevant to each of the two sub-regional case studies, the paths taken to incorporating and realizing them appear to be location-specific. To account for these site-specific differences, we suggest more attention be given to strategies that incorporate local history, unique capacity of actor groups and location-specific social-ecological systems objectives. We provide the following recommendations on policy instruments to assist in moving toward enhanced regional ICM in the Bay of Fundy, and that may also be transferable to international ICM efforts: update policy statements to incorporate lessons from previous experiences; strengthen commitment to ICM in Federal law; create a regional engagement strategy to enhance involvement of local actor groups; and, enhance the role of municipal governments to support local capacity building and appropriate engagement of local actors in ICM processes.
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INTRODUCTION
Current limitations of conventional sector-based coastal and marine management can only be resolved through the adoption of more integrated approaches. Limitations include a failure to adopt holistic approaches (i.e., that embrace ecological, economic, socio-cultural, and institutional objectives), resulting in conflict between actor groups, an inability to evaluate cumulative impacts, and segregated planning and decision-making mechanisms (Borja et al., 2016; Visbeck, 2018; Stephenson et al., 2019). Integrated coastal and marine management (ICM) seeks to address multiple objectives across many activities and has been attempted to maintain or restore ecological integrity (including biological productivity, biodiversity, and habitat) and to enhance the quality of life while pursuing economic development opportunities (Burbridge, 2004; Cicin-Sain and Belfiore, 2005). ICM offers a holistic and strategic form of governance that is necessary in the pursuit of sustainable development or “social-ecological harmony” (Fairbanks et al., 2019). There is, however, no general agreement on what characteristics of governance are most appropriate for implementing ICM initiatives (Ngoran and Xue, 2017), and many nation states, such as Canada, have been experimenting with various governance arrangements over the last two decades. The development of ecosystem-based processes and marine spatial planning (MSP) has reinvigorated efforts to implement ICM, yet many of these new initiatives are not achieving desired outcomes (Kelly et al., 2019).
We critically examine future opportunities for operationalizing ICM and identify core insights using a governance lens. The Bay of Fundy in Atlantic Canada was selected for an embedded case study due to its rich history of past and ongoing experiments in integrated management. Specifically, this study provides perspectives from local and regional actors and rights holders from two sub-regions within the Bay of Fundy that have seen many previous efforts toward ICM. This empirical research contributes to the global discourse on participation within ICM. We hope that this paper will provide ‘food for thought’ for authorities and practitioners who continue to develop and implement initiatives (e.g., policies, plans, and programs) within coastal and marine social-ecological systems (SES) and may inform action within other local, regional, and international initiatives. This empirical assessment of longstanding experiences of ICM initiatives in Canada can contribute to our understanding of how integration can be achieved. Critical to this assessment is the need to further understand how actors have experienced and learned from participating in ICM efforts in Canada. As we prepare to enter the United Nations Decade of Ocean Science for Sustainable Development (2021–2030) (United Nations, 2020), the timing seems propitious to synthesize insights from past efforts and to alter the present approach for achieving multiple objectives across activities within the coastal and marine social-ecological systems. In particular, approaches that include governments and non-state actor groups may contain beneficial lessons.
The next section provides an overview of the core governance characteristics identified from a review of international literature on ICM, which includes as the process of planning, implementing, monitoring and evaluation/adaptation (Olsen, 2002; Ehler, 2003). We then introduce two case study contexts within the Bay of Fundy and describe our qualitative approach. Third, we synthesize opportunities for advancing the operationalization of ICM from each case study. Finally, we discuss themes that emerged from analysis across the two case studies and propose a common pathway forward for the Bay of Fundy to inform current actions being taken in Canada as they relate to the operationalization of ICM.



CORE GOVERNANCE CHARACTERISTICS OF ICM

The rise of ICM can be viewed as part of a general shift from government, conventionally one set of state actors, to governance that includes multiple actors beyond government within management decision making processes. There is a need to focus on the approaches used for multiple actor groups to participate in oceans governance through combined arrangements (e.g., shared or multi-level) (Rhodes, 1996; Stoker, 1998; Salamon, 2002). Governance is defined here as the way actor groups in society interact and coordinate to steer social and political processes (Bennett and Dearden, 2014). In the wider setting of oceans governance and management, the practices of top–down (centralized) (Christie and White, 2007; Gilliland and Laffoley, 2008) and bottom–up (decentralized) approaches (Lane and Stephenson, 2000; Wever et al., 2012) have been documented. There is, however, agreement among scholars that neither a purely top–down nor a bottom–up approach will be sufficient when seeking to instigate more integrated approaches to coastal and marine governance (Stohr et al., 2014; Rockmann et al., 2015; Bennett, 2019). It is critically important that we assess how recent governance arrangements have facilitated or impeded the implementation of ICM. Additionally, research indicates that a vital challenge for coastal and marine governance is how to fit it to the local realities of coastal communities (Young et al., 2018). Decision-makers and practitioners must, therefore, consider underlying governance to better facilitate the operationalization of ICM initiatives.

Core governance-related characteristics have recently been determined to be critical to operationalizing ICM initiatives. Three core ICM characteristics were identified through a systematic review that assessed the prevalence and importance of governance characteristics within ICM initiatives (Sorensen, 1997; Ehler, 2003; Stojanovic et al., 2004; Gilliland and Laffoley, 2008; Eger and Courtenay, 2021):

	• formal structures that span political cycles;
	• meaningful inclusion of diverse actor groups and knowledge types; and,
	• innovative multi-actor mechanisms.

The three characteristics are defined and distinguished below and used to frame the embedded case analysis of two sets of sub-regions in the Bay of Fundy.

Formal structures provide the legal foundation for ICM through policy instruments (e.g., laws, acts, regulations). For example, ICM policy can generate top-down commitment and leadership from authorities (e.g., government departments) to develop a holistic strategy for the management of coasts and oceans (e.g., Christie and White, 2007; Gilliland and Laffoley, 2008). Additionally, formal structures can acknowledge a diverse set of actors to be involved during the operationalization of ICM initiatives. Formal structures that span political structures, and cycles, can also set standards to ensure expectations are met and trade-offs are considered across scales (Pomeroy and Douvere, 2008). For example, such formal structures might direct or support stakeholder mapping or scenario planning. In a comparative policy study of Brazil and Indonesia, Wever et al. (2012) found that ineffective formal structures prevented the implementation of ICM. Other nations in which formal structures have catalyzed action toward ICM include Canada (Oceans Act), United States (National Marine Act), and European Union (Marine Strategy Framework Directive). Further, several countries have also established formalized mechanisms facilitating participation of local, non-state actors in decisions relating to coastal and marine areas: Norway (Buanes et al., 2005); Australia (Vince, 2008, 2014); and, China (Xue et al., 2004).

Meaningful inclusion of diverse actor groups and knowledge types (e.g., social, cultural, traditional, local) is recognized as a key feature in successfully operationalizing ICM (Flannery et al., 2018; Stephenson et al., 2019). Kooiman et al. (2008, p. 3) state that “broad societal participation in governance is an expression of democracy.” Discussion has evolved over the years around who should participate in ICM and how (Kearney et al., 2007; Flannery et al., 2019). An ongoing debate in the ocean governance literature is whether the government should decide how local actor groups participate (Ehler and Douvere, 2010) or whether local actor groups should be involved in deciding for themselves (Ritchie and Ellis, 2010; Fudge, 2018). Participation is conceptualized here broadly as an umbrella term for a spectrum of approaches or strategies for understanding and sharing perspectives on the impacts of decisions (Arnstein, 1969; Hurlbert and Gupta, 2015; Morf et al., 2019; Twomey and O’Mahony, 2019). The value of local actor participation in coastal governance and management is well established, for example, within ICM initiatives such as MSP (Pomeroy and Douvere, 2008; Ritchie and Ellis, 2010; Flannery et al., 2018). Furthermore, communities, defined here as a place-bounded group of heterogeneous actor groups with diverse values and interests, are increasingly being recognized for their capacity to catalyze and lead ICM initiatives. Wiersema (2008) argues that the participation of multiple actors is beneficial for obtaining social license, understanding the complexity of environmental problems, and identifying actionable goals that are needed to move toward effective results.

Innovative mechanisms, through which structure and process are implemented, have been identified as an important characteristic of governance. In particular, mechanisms that ensure that ICM initiatives are relevant to the local situation often involve a forum in which local actors, authorities and decision-makers can interact (Parlee and Wiber, 2014; Eger and Courtenay, 2021). These can include new or existing informal and formal venues or forums that allow, or even require, particular constituencies to interact and contribute to decision-making. Existing mechanisms or venues such as integrative policies, advisory groups, committees and deliberative spaces, that have been developed within other contexts, are showing success when being applied novelly within the context of ICM (UNEP/CBD, 2005; Eger and Courtenay, 2021). It remains critical to determine the appropriate balance of state and non-state actor group participation that is suited to a given local context. In most nations, as well as for ICM, government authorities tend to ultimately have the legal responsibility for decisions. Given the growing experience with ICM globally, there is value in exploring new and existing mechanisms to enhance participation of local and non-state actors in ICM. Such mechanisms would not only promote good governance values and assist in achieving transparency, but also in working toward broader and more desirable social and environmental outcomes (e.g., inclusivity, equity, and sustainable livelihoods) (Wingqvist et al., 2012). The application of existing mechanisms refers to those being used in other contexts and reflects the creativity needed to overcome governance challenges across contexts.



HISTORY OF ICM IN CANADA

Canada recognized the need for ICM relatively early on in the evolution of ICM; however, as with other nations, the move from concept to practice has been slow or stalled. At the time of promulgation (January 31, 1997), Canada’s Oceans Act represented the first step toward ICM through legislation/policy both within Canada and internationally. This followed the formal conception of ICM broadly in the Rio Declaration at the United Nations Conference on Environment and Development (United Nations Sustainable Development, 1992). Figure 1 depicts some of the important actions and events relating to Canadian ICM beginning in the late 1970s. To ICM that began during 1978–1983 with a national conference (Canadian Council of Resource and Environment Ministers [CCREM], 1978) and a Canadian Special issue in Coastal Zone Management (Harrison and Parkes, 1983). In 1985 the Department of Fisheries and Oceans Act established a formal branch to coordinate oceans policies and programs (Canada, 1985).


[image: Timeline of major events in Canadian ocean management from 1978 to 2024. Key milestones include the Canadian Shore Management Symposium in 1978, Department of Fisheries and Oceans Act in 1985, Federal Oceans Act in 1996, and various strategy releases and evaluations up to 2024, focusing on integrated coastal management, sustainable development, and ocean action plans.]

FIGURE 1. Timeline of key ICM efforts/events in Canada from 1978 to 2020. *ESSIM, Eastern Scotian Shelf Integrated Management Plan; GOSLIM, Gulf of St. Lawrence Integrated Management Plan; PNCIMA, Pacific North Coast Integrated Management Area.


Implementation of ICM in Canada has varied over time, and has been characterized as “slow” (Office of the Auditor General, 2005, p. 12), “from glacial to hectic” (Ricketts and Harrison, 2007), “progress or paralysis” (Ricketts and Hildebrand, 2011) and “from leader to follower” (Jessen, 2011). Much of the progress with ICM in Canada can be attributed to ICM pilots in five large ocean management areas (LOMAS) beginning in 1998. Four of the five LOMAS currently have plans, although none have been fully operationalized: Beaufort Sea, Pacific North West, Gulf of Saint Lawrence, and Eastern Scotian Shelf (Ricketts and Hildebrand, 2011; McCuaig and Herbert, 2013; Bailey et al., 2016) (Figure 1). In 2005, the Office of the Auditor General suggested progress had not been made due to ICM not being a consistent priority of the Federal Government (Office of the Auditor General, 2005). Canada’s inability to realize the original vision of ICM articulated in the Oceans Act and subsequent policy documents (i.e., Ocean Action Plan, Ocean Strategy and Policy and Operational Framework for ICOM, Ocean Action Plan I) is attributed in part to piecemeal, fragmented and scattered policies (Office of the Auditor General, 2005). Most recently, ICM is referenced in current departmental plans and ministerial mandate letters, in which the Prime Minister has indicated to certain Ministers his expectations for their contributions to the Blue Economy and MSP.

The Government of Canada has acknowledged the importance of involving multiple actor groups in decision-making for Canadian coasts and oceans through the Oceans Act and its supporting policy documents, and instruments (Government of Canada, 1996; Canada, 2002; Minister of Justice and Attorney General of Canada, 2018; Minister of Fisheries Oceans and the Canadian Coast Guard, 2019). The preamble of the Oceans Act clearly states the intention of implementing an integrated approach through the coordination of both state and non-state actor groups and within government departments/sectors (Government of Canada, 1996). Further, the subsequent Ocean Strategy (Canada, 2002; Fisheries and Oceans Canada, 2002) also outlines suggestions for fostering collaboration with other ministries, Indigenous Peoples and coastal communities and indicates that the Strategy itself is meant to evolve as lessons are learned through adaptive management processes (Chircop and Hildebrand, 2006). In 2005 the Oceans Action Plan recognized that the governance of Canada’s oceans is “not equipped to deal with modern-day challenges” (Office of the Auditor General, 2005). Instead, what is needed over the long term is envisioning ICM as a cross-sectoral and collaborative approach to decision-making that “encourages the direct involvement of resource users and coastal communities” (Vodden, 2015, p. 18).

The reality that activities are managed by different government departments, each with its own mandate, resources and priorities makes it challenging for one department to have sole responsibility, and capacity/ability, for implementing ICM (Jessen, 2011; Nursey-Bray, 2016). The Office of the Auditor General has reported that both top-down and community-driven efforts toward ICM are required; yet, as of 2005, the Oceans Strategy had failed to provide specific “responsibility for leadership” (Office of the Auditor General, 2005, p. 9). Unfortunately, as noted by the CoastalCURA (2019), there has not been a substantial change since,

	Despite the existence of policies that encourage the Department of Fisheries and Oceans (DFO) to work “in partnership” with local stakeholders (such as the Oceans Act), opportunities for representation of local voices are still greatly lacking when assessing the costs and benefits of a decision to these communities.

Scholars have identified that strong political presence and support are needed in addition to active local-regional involvement of the community and non-governmental institutions in order to achieve ICM (Guenette and Alder, 2007). Along with other nations, Canada has learned that definitions and legal support for achieving effective participation of affected actors are variable and remain critical challenges in practice (Wilson and Wiber, 2009; Charles, 2010; Twomey and O’Mahony, 2019). Ongoing criticisms of previous ICM efforts in Canada include the weak policy basis that exists for ICM, specifically the lack of formal structures that span political cycles, support meaningful inclusion and innovative multi-actor mechanisms. In particular, there is a need for more governance mechanisms to support leadership, community participation and engagement in coastal and ocean resource management (Charles, 2010; Jessen, 2011; Vodden, 2015). A limitation of the Oceans Act is that it “has not adequately provided the mechanisms for ensuring a strong role for communities in integrated coastal and ocean management” (Kearney et al., 2007, p. 79). Scholars have acknowledged that coastal communities and local actors (e.g., Indigenous peoples and small-scale fish harvesters) must have priority for access to coastal and marine resources and spaces to avoid negative or unintended consequences and trade-offs (Bennett, 2018; Bennett et al., 2018). As a result of these lessons, we are beginning to see novel governance arrangements throughout Canada for navigating emerging coastal and marine social-ecological system issues through an ICM approach (e.g., the Pacific North Coast Integrated Management Area). Making these new arrangements functional remains a work in progress.

Recently, Canada has shown a renewed commitment to an integrated approach to the management of coastal and marine systems. For example, the Minister of Department of Fisheries and Oceans (DFO) was instructed to implement the G7 Charlevoix Blueprint for Healthy Oceans, Seas and Resilient Coastal Communities (G7, 2018) in the 2019 mandate letter (Minister of Fisheries Oceans and the Canadian Coast Guard Mandate Letter, 2019). The 2019–2020 DFO Departmental Plan includes explicit language that supports ICM as well as a combined approach to develop and implement a marine spatial plan (Minister of Fisheries Oceans and the Canadian Coast Guard Mandate Letter, 2019, p. 17).

	DFO will initiate MSP in five marine areas. MSP is a process that will bring together relevant authorities to better coordinate the use and management of marine spaces to achieve ecological, economic, and social objectives. One of the key features of these MSP processes will be the establishment of Indigenous-Federal-Provincial governance structures. The goal for each planning area will be the development of a marine plan that sets out the long-term spatial objectives and includes shared accountabilities for implementation. This process will not replace existing regulatory processes but will offer a forum to advance cross-sector planning.

There remains an opportunity to learn from past experiences to identify and create new innovative governance mechanisms to achieve core ICM characteristics.



ICM CASES IN THE BAY OF FUNDY, CANADA


Case Study Contexts

The Bay of Fundy has the highest tides in the world and includes many diverse and ecologically significant ecosystems (e.g., seagrasses, mudflats, estuaries). Although the Bay of Fundy was not chosen as a Large Ocean Management Area (LOMA) pilot project for implementing ICM in the early 2000s, over 60 integrated management initiatives (e.g., an organization, a research initiative, a management initiative or a body) have been identified by interview participants as being integrated in some way. For example, previous ICM initiatives include the Minas Basin Working Group Community Forums (Upper Bay) and the Marine Advisory Committee (Lower Bay)-previously known as the South Western New Brunswick Marine Resource Planning. The terms Upper Bay and Lower Bay allow for the inclusion of main activities that influence the sustainability of the sub-region. For example, Lower Bay boundaries include the Port of Saint John where there is significant transport activity. The Upper Bay includes Minas Basin as well as Minas Passage due to ongoing tidal energy research and development as well as the presence of valued fisheries throughout the area (e.g., lobster and scallops). As shown in Figure 2, each case is constrained by provincial and national boundaries to focus the scope of the research to remain manageable for data collection and allow for a ‘deep dive’ into local realities.


[image: Map highlighting parts of Maine, New Brunswick, and Nova Scotia, including the Bay of Fundy and Passamaquoddy Bay. Green dashed lines outline case study areas, red dashed lines indicate ferry routes. An inset shows a location overview in North America.]

FIGURE 2. Sub-regional case study locations within the Bay of Fundy (Map created by S. Eger and R. Caballero for this study in 2020).




Interview Methods

The present study used a hybrid analytical approach to analyze interviews for core ICM characteristics (Dubois and Gadde, 2002; Timmermans and Tavory, 2012). A hybrid approach, referred to by some as abductive, offered an alternative to a purely inductive or deductive approach, letting the researcher move between theory and data to develop or modify theory (Dubois and Gadde, 2002; Bryman, 2016). We first adopted the three core ICM characteristics (i.e., formal structures, meaningful inclusion of diverse actor groups, and innovative mechanisms) from Eger et al. (in press) and applied them within a case study approach to gain deep insight into governance issues (Ritchie and Ellis, 2010). This is an appropriate approach for this study as ICM implementation is highly contextual (Cicin-Sain et al., 1998). The use of case studies encouraged contextual nuances to emerge between case studies (Newing, 2010).

Participants from both Lower Bay (LB) and Upper Bay (UB) were purposively identified to include those who held knowledge of or previous experience with ICM initiatives in either of the embedded case studies. Participants held perspectives from a variety of backgrounds (e.g., academia, government authorities, First Peoples, private sector, non-governmental organizations, and civil society) and were chosen through snowball sampling (Biernacki and Waldorf, 1981). In total, 51 semi-structured interviews were conducted with a variety of participants who have experience with ICM within each case study sub-region (Table 1). Please note that the 51 interviews are from a subsample of an initial regional study of 68 interviews, therefore some participant numbers exceed 51 (Eger and Courtenay, 2021).


TABLE 1. A summary of participants from two sub-regional case studies within the Bay of Fundy (n = 51).

[image: Table showing participants in Upper Bay, Nova Scotia and Lower Bay, New Brunswick. Categories include academia, private, municipal, federal, and provincial authorities, among others. Totals: Upper Bay 23, Lower Bay 28.]During the interviews, participants recalled their experiences with ICM and expressed their own views. To understand opportunities for future ICM efforts within each embedded case study, participants were asked questions from a governance lens to elicit experiences with ICM initiatives with a focus on lessons and the future. Examples of questions posed during the interviews included the following: From your perspective, are there any lessons from your experience with ICM? How do these lessons apply to future initiatives? If there was an opportunity to advance ICM in this area, what would you suggest (i.e., what are the next steps)? A complete semi-structured interview protocol and question guide can be found in Eger and Courtenay (2021). Interviews were audio-recorded, treated as confidential, and did not identify participants in the findings.



Coding and Analysis

This study used thematic analysis, a common method to organize and describe data into categories or subthemes (Braun and Clarke, 2006; Saldana, 2015; Yin, 2016), to identify thematic patterns relevant to ICM opportunities in the Bay of Fundy. A full account of each case study relative to opportunities was reported by organizing and re-organizing text passages into sub-themes and themes to determine how the core characteristics related to opportunities within each case study (Yin, 2016). In some cases, participants framed opportunities as next steps or suggested lessons from previous experiences to be considered. For the most part, the codes and sub-themes were not verbalized directly as opportunities. Data analysis required the researcher to read between the lines in order to interpret data relative to various aspects of the research topic, as is customary when using thematic analysis (Braun and Clarke, 2006).

The corresponding definitions of each of the identified core ICM characteristics used to analyze interview transcripts were derived from key references from the literature and are presented in Table 2. Coding and analysis of interview transcripts were supported by computer-assisted qualitative data analysis software. Temi1, an online transcription software program, was used to create written transcripts of audio-recorded interviews. Participants were given the opportunity to revise their interview transcripts upon request. The coding process for organizing data and identifying themes and sub-themes from the interviews was also facilitated by QSR NVIVO, a data management software.


TABLE 2. Code definitions of pre-selected core ICM characteristics applied to individual subregional case studies in Round 1.

[image: Table listing core ICM characteristics, definitions, and key references. Characteristics include formal structures, meaningful inclusion of diverse groups, and innovative mechanisms. Definitions explain the legal basis, engagement of diverse actor groups, and use of non-conventional mechanisms. References cited are Olsen (1996), Ehler (2003), and Cicin-Sain (1993), among others.]The analytical procedure for coding core ICM characteristics for each of the two sub-regional case studies was based on the three core ICM characteristics described in the previous section. An overview of the results of the multi-round analysis process is illustrated in Figure 3. The resulting opportunities flow from the pre-selected core ICM characteristics (Eger et al., in press) used in the first round of coding.


[image: Flowchart illustrating three rounds of analysis in integrated coastal management (ICM). Round 1 on the left includes core characteristics: "Formal structures that span political cycles," "Meaningful inclusion of diverse actor groups and knowledge types," and "Innovative multi-actor structures or arrangements." Round 2 in the center lists themes: "Replicate/scale-up existing co-management," "Acknowledge/legitimize non-state actor groups," "How to organize existing actor groups," "Space to deliberate," and "New ways of facilitating engagement." Round 3 on the right highlights common opportunities: "Learn from past experiences and innovate," "Embrace a spectrum of strategies," and "Build capacity of local actor groups."]

FIGURE 3. Overview of analytical processes that leads to common opportunities for ICM in the Bay of Fundy.


Each of the three distinct rounds was analyzed independently (further description of each round of analysis can be found in Supplementary Table 1). Each reorganization of raw data (i.e., text passages from case study interviews) led to fewer outliers as the sub-themes/themes reorganized. Coding stopped once each separate theme threatened to lose independence should another round occur (Braun and Clarke, 2006).

Round 1 applied three core ICM characteristics, depicted on the left in Figure 3, deductively to both Upper and Lower Bay case study interview transcripts resulting in relevant text passages coded to each of the three core ICM characteristics. Using thematic analysis, Round 2 then reorganized the text passages from Round 1 further into related categories within each sub-regional case study and ultimately resulted in a list of overarching sub-themes. The most prevalent sub-themes— with the highest frequency of coded text passages—are shown in Figure 3 (middle column) and expanded on in Supplementary Table 2 – to help clarify the coding and analysis process. Finally, Round 3 (Figure 3, right column) compared the sub-themes from each of the case studies in a cross-case analysis to identify thematic patterns (Finfgeld, 2003; Finfgeld-Connett, 2010). This resulted in an amalgamation of sub-themes to yield several distinct opportunities (Braun and Clarke, 2006). Opportunities were determined based on the abundance of participant statements relating to each theme. Opportunities (themes) with the most linkages or connections with subthemes from both case studies, i.e., relevant to both the Lower Bay and the Upper Bay, emerged as final common opportunities. Table 2 explains the three main common opportunities from the analyzes and synthesizes evidence for each.

The interactions between rounds of analysis in Figure 3 demonstrate the connections of raw data between rounds and reflect the interconnectedness of raw data to a broader theme. In other words, the links shown as arrows in Figure 3 between the core ICM characteristics, sub-themes and final themes (opportunities) indicate that participants supported opportunities related to a cluster of themes. However, the connections among core characteristics, subthemes, and themes do not mean that other links were not present; rather, the selections represent the main factors as indicated by frequency of textual responses.



Supplemental Document Analysis

In parallel to interviews, an ad hoc document analysis was conducted by reviewing documents specific to the two case studies as they relate to core ICM characteristics or context-specific variables such as history, past initiatives, actor groups and policy. Document analysis was also used to triangulate interview data with sources to provide depth to the study and confirm validity. Details of documents that contributed to the document analysis can be found in Supplementary Table 3. Multiple dimensions of context including history, capacity, activities, jurisdictions and objectives were compiled to inform a rich understanding of each of the two sub-regional case studies. A review of documents revealed distinct differences within the two subregions, although there were some similarities in terms of socio-cultural context. Supplementary Table 4 summarizes various contextual aspects of each case study to reveal similarities and differences. These details were relevant as interview transcripts were reviewed and text passages were coded and compared throughout the three rounds of analysis.



OPPORTUNITIES FOR IMPROVED ICM IN THE BAY OF FUNDY

A document review and a multi-round cross-case analysis of the interview results yielded three emergent common opportunities for the Bay of Fundy:

	• learn from past experiences and innovate;
	• embrace a spectrum of strategies to enhance quality and appropriateness of actor engagement; and,
	• build capacity of local actor groups for more effective ICM.

These opportunities suggest that there is a wealth of knowledge and experience relating to ICM that could be more closely integrated into policies and initiatives that support ICM at the regional and sub-regional levels. Table 3 explains the three main common opportunities that emerged from the analysis for achieving the core ICM characteristics in the Bay of Fundy analyses and elaborates using evidence below.


TABLE 3. Summary of results and their associated sub-themes (Letters from middle column, Figure 3).

[image: Table detailing commonalities and opportunities in ICM case studies. Themes include learning from past experiences, enhancing actor engagement, and building local capacities. Specific strategies and evidences are listed.]

Opportunity 1 – Learn From Past Experiences and Innovate

Case study participants identified the need for a better understanding of the tools and strategies that have been useful for previously attempted ICM initiatives. In particular, improved knowledge translation and institutional learning will build upon past experiences and avoid learning the same lessons over and over again. Distinct lessons and innovative findings include mechanisms that provide a basis for multiple actor groups to come together. To help ICM initiatives come to fruition, lessons tended to focus on the inclusion of groups with perspectives broader than the prevalent economic or ecological to develop ICM objectives, engage in decision-making, or help with implementation. Enhanced leadership is suggested from both Provincial and Federal governments to implement this opportunity since they have the “authority and ability to pull people together” and there is a well-recognized need to organize ICM processes and decision-making further to be more effective (Upper Bay interviewee #64 or hereafter UB 64). Where leadership from these authorities was missing or not apparent in past initiatives, progress was stalled (e.g., ESSIM). Thus, formal structures (i.e., policy instruments including regulations and legislation) that endure across political cycles (i.e., Canada has a < 4 years electoral timeframe) are important for maintaining the commitment, resources, and capacity needed for ICM progress. For example, several participants from both case studies reflected that unless government authorities make ICM and interactions with local actor groups mandatory for industries (e.g., tidal power, aquaculture, shipping), they will continue to not voluntarily take the responsibility on themselves. In some cases, industry is ‘doing what they can’ but will only do what they are regulated to do (LB 57). For example, the aquaculture industry will remove salmon culture pens that are no longer in use only if required (LB 59). To move toward the improvement of existing learning and knowledge translation mechanisms needed for effective engagement and deliberation, conventional governance systems need to have a stronger role in facilitating them (e.g., formal guidance structures). From the experience of participants in both the Upper and Lower Bay, new combined mechanisms and structures are needed as people are not satisfied with the approaches that have been tried.

	LB 53: [Y]ou need to have a strong coordinating, leading entity that will take it forward, and you need that support system; as much as you think it’s going to be ground up, it’s ground up and top-down meeting in the middle.
	UB 45: [w]e just don’t have the sustaining integrated management, … nationally or regionally. Each region is basically implementing the Oceans Act in different ways, but shouldn’t we have Natural Resources Canada, DFO, Environment Canada, Parks Canada all at the table nationally and directing what we do and how we work in the regions? And First Nations too?

Participants in both cases incorporated local history in their narratives and mention the need to learn from past experiences in or adjacent to the Bay of Fundy. For example, it was acknowledged by participants in the Lower Bay how different actors are participating in ICM initiatives. Also, participants acknowledged that current systems have not been sufficient for achieving ICM initiatives in an integrated way. There are also previously created tools and resources that give insight into the various actor groups, values and community priorities within the case. In the Upper Bay there is significant potential to build upon previous work such as the community forums led by the Bay of Fundy Ecosystem Partnership – Minas Basin Working Group. This working group held multiple workshops with communities surrounding the Minas Basin to determine what values and priorities local actor groups had for coastal and marine areas (Tekamp, 2003). Participants suggested that updating the outcomes of these efforts and revisiting how to address ongoing priorities in the coastal and marine realm was prudent.

Additionally, participants mentioned innovative partnerships that were emerging to build research and management structures, for example, collaboration between the Marine Institute of Natural and Academic Science (MINAS), Sipekne’katik First Nation (Indian Brook) First Nations, and the Ocean Tracking Network for conducting species monitoring in the Upper Bay. In the Lower Bay, participants recalled the development of the community values criteria (CVC) as a valuable output from the Marine Resource Planning initiative (MRP) that existed from 2004–2009 (Jones and Stephenson, 2019). The CVC was a framework created by the MRP process involving numerous participants to recognize local-scale values and to evaluate proposed activities in the Lower Bay (LB 24). Although CVC criteria were never used as envisioned, participants believed it worthwhile to incorporate the CVC into future decision-making for activities within the sub-region (Parlee and Wiber, 2018). The MRP process subsequently evolved into an advisory body [i.e., the Marine Advisory Council (MAC)] that has since been dissembled (Jones and Stephenson, 2019). Nonetheless, the experiences and lessons from the MAC contributed to the understanding of how different actor groups interact and made progress in determining how to embed community values within coastal and marine decision-making in their area. Although there was a difference between the extent of experience with ICM initiatives in Upper and Lower Bay, both case studies realized that future opportunities should take into consideration past lessons.

One clear finding that relates to having new or more effective ways to deliberate and engage is that many local groups want to have a more meaningful role, in the process, for example at times this would look like a stronger ‘voice’ (i.e., more influence), in ICM decision-making. Each group has different capacities to consider which need to be considered in the way they are approached, engaged, and involved (LB 26). As the current governance regime in the Bay of Fundy generally leaves responsibility and authority to federal and provincial department representatives priorities and interests of the various elected officials continue to drive policy agendas and priorities. Participants called for lessons to balance top–down and bottom–up interactions between authorities and local actor groups. Insights into these combined arrangements have been provided by scholars, practitioners and program evaluators for Canada (Office of the Auditor General, 2005; Hall et al., 2011; Flannery and Cinnéide, 2012). Participants acknowledged that the current model of ‘business as usual’ is not working and that decision-makers have not sufficiently prioritized nor provided sufficient resources to aid progress with ICM.

	LB 27: I think going forward, that’s one of the things that we’re going to look for is we need to have that direct involvement with a decision.
	UB 11: It became obvious very soon into the process that Force, the government and the corporations that are going to put turbines in the water weren’t really listening. They just wanted us to tell them it was okay. They didn’t care. They’re still not going to change their project depending on what you say. They already have it set in stone.

New approaches do not necessarily mean reinventing the wheel but may instead embrace the idea that there should be critical reflection on previous initiatives, for instance, what was the result and how next time it will go better in the same or different context (Canada’s Ocean Strategy: Our Oceans, Our Future, 2002). Participants identified existing community-based and co-management efforts that have shown success and perhaps could be replicated or scaled up in other areas or for other issues/objectives (Kearney et al., 2007; Parlee and Wiber, 2014). In the Lower Bay, participants referred to the novel co-management of shellfish harvesting with fishermen’s associations, and the desire to try to replicate a similar model for ground fisheries (LB 26) (Wiber et al., 2010). Fishermen’s associations are fairly well established in the Lower Bay with democratic representatives who speak for their actor group (e.g., Grand Manan Fishermen’s Association, Fundy North Fishermen’s Association). In the Upper Bay, participants had experience engaging with or knowing about the Bras d’Or Lakes Collaborative Environmental Planning Initiative (CEPI), even though this is outside the regional scope of the Bay of Fundy. CEPI is an innovative mechanism between the Unama’ki Institute of Natural Resources, an organization representing five Mi’kmaq Chiefs. CEPI is creating collaborative management plans and addressing environmental management issues around the Bras d’Or Lakes (Naug, 2007). While conventional approaches remain focused on ecological and economic objectives, the use of unconventional approaches in Canada (e.g., CEPI) might allow for more appropriate consideration of social and cultural objectives (LB 44, LB 63).



Opportunity 2 – Embrace a Spectrum of Strategies to Enhance Quality and Appropriateness of Actor Engagement

The plethora of experiences with ICM has included different foci of ‘what is being integrated,’ strongly suggesting there is not a single way to operationalize ICM. Therefore, there is an opportunity to translate these experiences into ICM strategies that are appropriate for different contexts (i.e., histories, capacities, and priorities). The opportunity to embrace a spectrum of ICM can assist and direct practitioners to more effectively select appropriate approaches and strategies within the ICM process that are best suited to different contexts, or sub-regions.

A spectrum of strategies for actor engagement is needed to navigate ICM initiatives. Engagement is considered to include the sharing of perspectives to understand the impacts of decisions on various actor groups ranging from one-way communication to having some authority over decision-making (e.g., consultation, involvement, collaboration, partnerships and empowerment) [International Association for Public Participation (IAP2), 2002]. Participants outlined ways in which decisions are being made for marine activities and priorities across different jurisdictions and geographic scales resulting in undesired or ineffective outcomes at the local scale. Participants from coastal communities acknowledged that the current distribution of power to government authorities at national and provincial scales has made it difficult to consider community values and for community actors to participate effectively (i.e., engage and collaborate with different types of actors) (LB 59). In particular, the fact that communities are not homogenous and have differing worldviews needs to be better addressed by decision- and policy-makers through more thoughtful engagement processes (Kearney et al., 2007). One participant said he believes that rural people have the impression that people in Ottawa, Halifax or Fredericton think they, themselves, are experts and do not try to understand the knowledge locals possess (LB 36).

Further, there is not a strong sense from participants that they could ever have a true impact on decisions (LB 26). One practical approach mentioned by participants is related to ‘stakeholder mapping’ type exercises for process leaders, such as provincial and federal representatives, to do prior to entering a community. This exercise aids in scoping the range of relevant actors and the diverse priorities to avoid forming preconceived notions about what their priorities are (UB 8). Stakeholder mapping is a tool used to scope out different actors, their incentives and their influence relating to a particular problem, and/or geography or interest (LB 10, LB 27). Once relevant actor groups, and ideally their representatives, are identified it is then important that the expectations of each actor group are clear, and that their unique capacity is recognized and supported appropriately. A recent lesson from the Minas Basin tidal energy development was that the consultations with actor groups showed that place and local priorities matter.

	UB 43: we’ve been very place focused. [These meetings] held in Parsborro area where we’re based, have not included broader stakeholder concerns across the Bay of Fundy is something that requires more of a geographic spread in our engagement efforts. Everything’s connected…. So we’re definitely trying to focus more on a broader level impact in our engagement strategies than we were in years past.
	LB 10: You need to determine at the very outset what is up for debate. To what extent will any consultation influence decisions – your stakeholders should know that. It really frustrates me that there are people with real concerns and livelihoods and traditions and histories of either working on the land or living adjacent to these communities, that I don’t feel is honored and respected through the consultation processes or by government officials. I really think you have to rethink the process of working with local communities when you are exploring things like MSP or integrated coastal management or whatever.

Interviews revealed the desire of participants to be actively involved in determining their own future as well as motivation to participate in achieving it. This means that decision-making processes require transparency so there is a clear understanding of how actor groups can best contribute (e.g., who is responsible, for what, and how) and the degree to which actor groups will contribute to and shape the result (e.g., a decision being made). Participants in both case study areas were able to identify various actor groups with current capacity to help operationalize ICM, and that some groups are more suited and capable of participating than others. Moreover, participants from both case studies were interested in exploring how to increase engagement of the First Peoples in coastal and marine management. In the Lower Bay, the Peskotomuhkati First Peoples (Passamaquoddy) and actor groups from both sides of the Canada- United States border have recently committed to restoring the alewife population on the St. Croix River (DFO, 2018). In the Upper Bay specific recommendations were for MINAS, a local collaboration between fishermen and academia, to work with Sipekne’katik First Nation (Indian Brook) to manage and maintain one of the last traditional fishing weirs in the area (i.e., Bramber Weir).

LB 58: Having that diversity of ownership, for lack of a better term, is part of what made it successful because it gives you windows into a lot of different segments of the population rather than always living within an echo chamber of your own beliefs.

	UB 51: It’s just hard with so many different levels of government involved and who actually can make decisions and make it in a timely manner. It definitely has to be an ongoing process and very flexible, but people get really upset and then they can’t see beyond their issue.

Participants’ experiences provided insights into diverse strategies being used within combined approaches and highlighted opportunities for stronger engagement. Both directly and indirectly, participants referred to multi-actor forums that allow for deliberation and facilitate the sharing of different views within a community. An Indigenous participant referenced the relevance to the Bay of Fundy of the Taku River Tlingit First Nation (TRTFN) Case Law in BC that found “On the spectrum of consultation required by the honor of the Crown, the TRTFN was entitled to more than minimum consultation under the circumstances, and to a level of responsiveness to its concerns that can be characterized as accommodation” (Canada, 2004). Other landmark cases in Canada relating to Indigenous title include the R v. Marshall (Canada and Marshall, 1999) case in Nova Scotia regarding a treaty right to fish. Examples of what could be accomplished in these forums with diverse actor groups include determining common objectives and clarifying expected outcomes from both the participation process and the intervention itself (LB 2). Specific between-actor actions could also involve co-visioning or scenario-planning, co-creation of actor engagement plans, collective and strategic long-term planning. Additionally, participants recognized that particular forums could function to (re)build trust between actor groups within or between different activities and direct the groups’ shared incentives and capacity to contribute (i.e., resources, power, staff, mandate). Often within these forums, champions and representatives from different actor groups were identified. Results also indicated that there is a large diversity of what these forums could be because of incentives, motivation, and capacity of actor groups in the sub-region. For example, one participant reflects that engagement strategies for integrated management in the area have ranged from “loose group getting together every few months for pizza” to “you are the decision-making authority”… or “they have to get our piece of paper with our signature” (UB 42). The following quotations from participants indicate that involving local actor groups is rarely a one step process suggesting strategies used should be more than a one-time effort.

	LB 64: Let’s come into the room, leave our opinions at the door and listen to one another – [that’s] step one.
	UB 65: The key is, is once the decision’s made it doesn’t mean that you stop the engagement process. There’s that ongoing progress that needs to continue to happen otherwise companies and activities never get integrated into communities.

In both the Lower Bay and Upper Bay case studies, the general sentiment was that opportunities for involving diverse actor groups were neither sufficient nor appropriate. Where the two case studies differed was for what the appropriate next steps toward ICM might be. When asked about successful models of participation, participants focused on examples that allowed for communication between actor groups (i.e., two way or back and forth). Further, comments frequently called for formal structures. One participant from a non-governmental organization suggested there should be a requirement to meet minimal standards for engagement at provincial and/or national levels, “if you don’t listen to people, you’re not likely to be successful” (UB 49). Another individual mentioned the value of fishermen liaisons from the communities in the Lower Bay who reported directly to (then Minister of Fisheries and Oceans) Romeo Leblanc to connect decisions he was making to “the place and the people” (LB 62). Despite extensive ICM experiences, participants in the Lower Bay shared that they were tired and jaded from spending volunteer time in a process that did not achieve desired outcomes likely due to ineffective engagement.

LB 27: There are a lot of community-minded people who are open to a lot of things who would like the opportunity to deliberate. This is what is lacking in a consultation is that there is no time to deliberate.

In contrast, the Upper Bay had less extensive experience and participants showed an enhanced willingness to proactively participate to help shape multiple and integrated objectives for the region, particularly with the development of renewable energy and intensive fishing efforts. One participant reflects that currently, they are being excluded and that local actors have valuable perspectives to share.

	UB 58: The idea of shutting out opposing viewpoints just because they can be intimidating or offer a differing opinion isn’t what governance and leadership is about. Listening to those people, oftentimes giving them a platform, but understanding that it’s part of the dialogue.

Participants also identified other models that are headed in the right direction such as the Striped Bass Association which is a partnership between academia and community-based groups (UB 19). Many participants had positive comments on the intention of previous innovative mechanisms to enhance actor engagement [e.g., the Regional Committee on Coastal and Oceans Management (RCCOM) and the Eastern Scotian Shelf Integrated Management (ESSIM) Stakeholder advisory committee]. With regards to ESSIM, comments surrounded the flow of information back and forth across different levels which allowed for many relationships to be built (UB 42). As with the RCCOM, some comments pointed to the need to explore a high-level formal structure (e.g., agreement or commission) to span government mandates, keep provinces accountable, and provide a high-level structure for oceans management in Canada over the course of multiple political cycles (e.g., European Commission) (UB 45). Although the idea to develop local ICM spaces or forums was supported by many participants, one participant acknowledged that these groups will likely continue to lack authority and that it is important to recognize the different streams of government (i.e., both elected representatives and the civil service). Successful ICM in the Bay of Fundy requires high-level commitment, from those who hold legal authority within the coastal and marine realm which include the Federal government, the two Provincial governments (i.e., New Brunswick and Nova Scotia), and First People groups (LB 4).

	LB 38: It starts with the willingness to give up some power and authority from the center…. it’s got to be rooted in community.
	UB 45: It just seems like issues ebb and flow and we just don’t have the sustaining integrated management or MSP, whatever you want to call it, a national or regional structure. We don’t have that here.

Although the above points were generally supported by participants from both case studies, there were clear differences between the Upper and Lower Bay regions in participant attitudes toward ICM. In the Lower Bay, there was an impression of defeat and lack of motivation from those who had been involved in previous multi-actor group efforts because expectations had not been met in the past (e.g., Southwestern New Brunswick Marine Advisory Committee). As a result, there were many recommendations for smaller, tangible efforts that remained reactive to current issues. Pursuing specific, actionable objectives is a better way to bring different actor groups together moving forward (LB 4). One participant spoke about building trust among actor groups by tackling ‘low hanging fruit’ before preparing to take on more complex issues such as truly integrated programs (LB 32). Some success was seen with marine debris initiatives because it was an issue “common to all stakeholders” (LB 33). In other words, the usual suspects (i.e., engaged representatives of various actor groups) would need to rally around a specific problem [i.e., marine debris, protection of the endangered North Atlantic Right Whale (Eubalaena glacialis), or spatial protection] or a defined purpose. Who you bring around the table is dependent on the objective (LB 26). Participants from the Upper Bay were more optimistic and open to coming together to deal with large, interconnected issues. Suggestions to support future ICM efforts included scenarios or visioning workshops with multiple actor groups on topics of concern to ICM, methods to more effectively integrate First Peoples, and proactive efforts. Participants from both case studies alluded to the idea of ‘a one-stop shop’ with representatives from local actor groups in a single place to provide knowledge and advice such as context-specific data for government authorities, industries, and decision-makers that could impact their communities.



Opportunity 3 – Build Local Capacity for More Effective ICM

Capacity needs to be built into community actor groups to participate in operationalizing ICM and addressing environmental issues. Participants from local actor groups recognized the need to become more organized as a group. Participants from government in particular suggested that it is beneficial to their programs and processes when actor groups are already organized. The ability to organize was connected to three components listed by participants relating to capacity: local development (LB 62), financial support (UB 22) and education/knowledge (UB 43). Within both case study regions, a fundamental opportunity emerged around strengthening the ability for actor groups to be involved in ICM. Specifically, achieving a democratic representation of actor groups was a prominent theme. Participants from government authorities expressed that having democratic processes for selecting representatives within actor groups enhances the legitimacy of the actor group and thus the recognition by government agencies. In the case of NGOs and industry, these representatives were often full-time staff members. In other actor groups such as tourism, small-scale livelihoods, and engaged citizens, representatives were likely to be volunteers and unlikely to have been selected through any particular process.

As it currently stands, participants suggested that enhanced representation was needed within their actor groups. Currently, many actor groups involved a vocal minority being led by individuals with strong personalities, rather than people who truly represented the group (UB 68). Another example of misrepresentation was when members were assumed to be representative of their group (e.g., tokenism) which has happened frequently with Indigenous consultation. A participant who fishes and identifies as Indigenous was mislabeled as a representative or leader. He exclaims “I don’t speak for my band” (UB 19). Further, a participant that works with, and for, First Peoples expressed that “the consultants don’t work for us” and that it is a current limitation of the system that avoids effective engagement of the actor group (UB 22).

Enhanced representation of actor groups was frequently brought up in both case studies as a concept that would assist in ensuring effective consideration of priorities, values and objectives.

	UB 68: The success stories are those that have representation.

According to a participant from the Lower Bay, actor groups should organize and have effective representation in order to build capacity.

	LB 62: Communities have been marginalized and need to build capacity to govern themselves before engaging. It is important to be able to know how to organize and mobilize once there is something to work toward… A key element here that needs to be put in place and that is we have no institutional capacity or resources to help build capacity in communities and organizations. To be able to fully engage around these things, to be able to play a meaningful role in shaping your destiny as a community, you need to have the sort of human capacity to do that. the issue of capacity, to organize effectively is the biggest stumbling block of all.

Both case studies have actor groups who have shown they are capable of organizing, leading, engaging and influencing various activities and processes within coastal and marine systems. Between case studies, however, actor groups may have different motivations and abilities to influence or catalyze change. In the Upper Bay, there is evidence of the strength and influence of local communities who opposed the process, not necessarily the objective, of tidal energy development in Minas Basin and Minas Passage. Active engagement of one group in particular, the Upper Bay Fishermen’s Association, resulted in a delay of tidal energy development progress for almost a year (Maclean, 2017). In the Lower Bay, actor groups have also shown their interest in leading change in their community. The motivation of some individuals and groups from the Lower Bay, many of whom were volunteers, was sustained through their continued participation in the Marine Advisory Committee for 10 years or more.

Several government participants felt that some actions by actor groups disrespected or undermined processes that had been laid out for local engagement. An elected official recounted that there are always groups that avoid the formal processes in place and who directly lobby the Minister, undermining the process, while other actor groups are trying to engage/influence through the allocated channels (UB 22).

	LB 5: Some fishermen have tremendous influence on the Department of Fisheries and Oceans. But, there are other fishing groups that have zero [influence] and are treated very badly. Clam fishermen is one of those groups.
	UB 10: And that’s exactly what happened with the fishing community. Their [Fundy Fishermen’s Association] power to influence was, you know, underestimated and they just thought they could have them go to a few meetings to see and just hear what they had to say. There wasn’t as much [access] as they needed for an emotional [support] or irrational or whatever. That’s perhaps why they chose such a radical way to influence this whole process. And they were able to.

In both case studies, an enhanced role of local or municipal governments was proposed by interviewees to facilitate or lead local development and capacity building. The general sentiment from participants was that “leaders need to understand the perspectives of the community” (LB 60) and that municipal governments could carry out and connect local values to higher-level priorities (UB 45). One participant stated that when an individual from the municipal government was in a leadership role it was easier to support them (LB 63). Participants commented on a multitude of roles that municipal governments could take on including having a larger, more defined role in implementing coastal and marine planning. This may require the decentralization of some Provincial, or even, Federal authority/responsibility to a more localized level. One participant suggests to ‘move DFO out of Ottawa’ as more localized governance, as seen with municipal land use planning, would be more appropriate to create long-term development plans that satisfy local, including Indigenous, Provincial and National objectives (UB 56). Another possibility would be for municipal governments to play a brokering role between actor groups at the local/sub-regional level by creating spaces that allow for a diverse set of views to be heard and common objectives to emerge between actor groups at the local level (UB 19, LB 62). Municipal governments could also educate local actor groups on the decision-making system within which they are embedded (UB 43). Lastly, the development of rural economies is seen to help strengthen the independence and autonomy of local actor groups over local decisions (UB 65).

UB 22: There’s a lack of capacity in communities for addressing environmental issues. There’s no funding support, there’s nobody to enforce it. There’s nothing to enforce here in Nova Scotia unless they’re actually implemented by the community, but they don’t have the capacity to even undertake the work to identify the areas, let alone implement bylaws and then enforce them…if we continue at this rate, Nova Scotia is going to be drained and then we’re, you know, we’re going to be the ones holding the bag for those seven generations who have nothing.

	LB 22: So that’s where that body [one stop shop] can be really powerful so you do reach consensus on things you would never get on the bilateral stuff between Fredericton and the individual stakeholders. So you get the body to say, you know, this is what we think about this… when that body speaks as one and says to the Minister, there were fisherman and aquaculture and “we all think this about that.” Then the Minister needs to reflect what they are asking.

These instances outline potential roles that municipal governments could play in moving toward ICM through the organization of local actor groups while maintaining connections with broader coastal and marine objectives (UB 69).



DISCUSSION AND RECOMMENDATIONS

This paper sought to synthesize past experiences of participants in ICM through interviews and embedded case studies within the Upper and Lower Bay of Fundy. Using core ICM characteristics identified from Eger et al. (in press), data analysis uncovered three opportunities for the Bay of Fundy region, common to both the Upper and Lower Bay sub-regions. The results of this study support the inclusion of both state and non-state actors across scales. A main finding of this study indicates that the form of participation of these groups is a critical element in ICM given that all the opportunities that emerged from the analysis, all have implications for participation.

As seen in Figure 3, subsequent analysis of the interviews from each case study relative to the core characteristics of ICM conceptual framing revealed similar opportunities. Therefore, policy recommendations are made in the following section at the regional level and focus on the importance of being able to tailor and accommodate unique contexts within each sub-region. The commonalities between case studies may be due to overlapping aspects of context seen in Supplementary Table 4 such as history with integrated initiatives, development activities, cultural preferences and similar population characteristics (i.e., rural, First Peoples). The following insights for future ICM efforts are elaborated below:

	• improved formal structures are required to avoid making the same mistakes;
	• a spectrum of approaches will support meaningful engagement in ICM;
	• local capacity is needed for effective innovative mechanisms; and,
	• policy measures are recommended.


Improved Formal Structures Are Required to Avoid Making the Same Mistakes

The main opportunity to achieve formal structures that span political cycles was to learn from past experiences and innovate (Eger and Courtenay, 2021). The present study found that many lessons have been learned over the years and iterative policy updates are crucial for avoiding past pitfalls. Despite interest in combined approaches, planning and decisions for coastal and marine systems continue to be made in a predominantly top–down way at national and regional scales. Essentially, the lessons identified in this paper aren’t being institutionalized for ICM. Given this reality, learning from the past and having it inform how to move forward is especially important at regional and sub-regional scales.

These lessons should, in turn, be adapted into and reflected through current governance regimes (i.e., formal structures and processes). Some notable lessons for the Bay of Fundy can be derived from previous ICM initiatives in Atlantic Canada such as the CoastalCURA partnership, South Western New Brunswick Marine Advisory Committee, Eastern Scotian Shelf Integrated Management, and Bras d’ Ors Watershed Collaborative Environmental Planning Initiative (CEPI) (Naug, 2007; Parlee and Wiber, 2018; Jones and Stephenson, 2019). Conversations continue to emerge surrounding community-based and multi-stakeholder approaches to environmental management to overcome the inefficiencies of central government efforts in the Bay of Fundy beginning before the Oceans Act and which have continued until the present day (Kearney et al., 2007; Wiber et al., 2010). In Canada, the development of structures to support the evolution of active participation of non-state actors in ICM has not occurred on a broad scale and there remains a need to explore alternative shared-governance models and enhance collaborative ICM processes (Heemskerk, 2001; Office of the Auditor General, 2005; Jessen, 2011; Eger and Courtenay, 2021). This exploratory process can also be aided by documented experiences with ICM initiatives elsewhere in Canada (e.g., PNCIMA, Beaufort Sea) as well as from other nations (e.g., Australia, China, United States) (Hildebrand and Norrena, 1992; Chircop and Hildebrand, 2006; Jessen, 2011; McCann et al., 2017).



A Spectrum of Approaches Will Support Meaningful Engagement in ICM

To gain the meaningful inclusion of diverse actor groups and knowledge types, a spectrum of participation strategies must be embraced, especially by ICM process leaders, to meaningfully engage all relevant actor groups within and between sub-regions given their various capacities, histories, and objectives. This idea of participation as a continuum has long been recognized in literature through numerous typologies (Gustavsson et al., 2014), ladders (Twomey and O’Mahony, 2019), and essential ingredients (Senecah, 2004; Pomeroy and Douvere, 2008). So, why is not it being used in practice? Authorities in the Bay of Fundy could benefit by expanding their understanding of actor participation (i.e., consultation, involvement, partnerships, and empowerment) by including why certain actors might be involved, how much influence would actors have on the decision, what type of methods are appropriate, when will engagements taken place and how frequently into determining a relevant, context-specific strategy (Morf et al., 2019).

Empowering local actor groups to understand how they can best participate in ICM processes should be a key focus to ensure local interests are accounted for in the Bay of Fundy. As an example, more appropriate engagement could be achieved through the creation of a provincial policy or engagement strategy (in Nova Scotia and New Brunswick) to recognize a spectrum of options through guidance and tools such as scenario planning or development (Glaser and Glaeser, 2014). Furthermore, stakeholder mapping and analysis can help understand the capacity and influence of actor groups and ensure participation mechanisms are appropriate for the scale, context and actor group (Hall et al., 2011; Cvitanovic et al., 2016; Smith et al., 2017). Local actors play a role in determining how they should be involved (Buanes et al., 2005; Flannery and Cinnéide, 2012). Given the experiences in the Bay of Fundy, the leaders or ‘initiators’ of the ICM initiative, along with the local actor groups, should jointly determine what type of interaction is “necessary, appropriate and desirable” (Rockmann et al., 2015, p. 161), for example through strategic co-creation of engagement plans (Ritchie and Ellis, 2010; Cvitanovic et al., 2016).



Local Capacity Is Needed for Effective Innovative Mechanisms

Another opportunity in the Bay of Fundy is to build local capacity of local actor groups for more effective participation in ICM processes. Empowering and building capacity for bottom–up approaches is important because actor groups need to be organized and to have a forum where they can determine how they want, and are able, to participate (Jentoft and Chuenpagdee, 2009; Wever et al., 2012; Brandes and O’Riordan, 2014; Fudge, 2018). Similarly, the creation of innovative mechanisms such as multi-actor structures are likely to be better suited to sub-regional actor groups when the groups themselves can leverage their skills and expertise effectively. Actors, forums and arrangements in the Bay of Fundy varied between sub-regions. Additionally, local actor groups might benefit from an improved understanding of the decision-making system (e.g., legal conditions, processes in place to provide feedback) to legitimize group organization (i.e., representation) and to learn how to participate in policy discussions more effectively (Underdal, 1990; O’Boyle and Jamieson, 2006; Flannery and Cinnéide, 2012; Buchan and Yates, 2019).

Innovative mechanisms have the potential to help amplify voices of marginalized or underrepresented groups and might include new coastal partnerships or inter-industry-bodies, merging agencies together or creating super-agencies. Mechanisms that support the inclusion of non-government actors are becoming more common and are currently needed in the Bay of Fundy (Eger and Courtenay, 2021). To guide local authorities to deal with “complex issues in an integrated manner” local capacity must be built, responsibilities must be clarified, and democracy within ICM processes should be enhanced (Shipman and Stojanovic, 2007, p. 381). Overcoming these obstacles requires that legislation be created for local governments to establish legally constituted partnerships (e.g., joint steering committees with local and national governments) as well as to better align policies to support overarching approaches being used throughout of Fundy. As with combined approaches, institutional innovations and sustained leadership are also required within the Bay of Fundy to enhance capacity for integrated governance at the national level to support initiatives at local and regional levels (Charles, 2010; Lockwood et al., 2010; Eger and Courtenay, 2021).



Policy Implications

In Canada, there is renewed interest in achieving ICM through MSP. This study investigated whether unique opportunities exist for ICM in the Bay of Fundy using an embedded sub-regional case study analysis. A synthesis of local experiences revealed opportunities to strengthen top–down structures and processes while also building bottom–up capacity to ensure ICM is grounded within local contexts. Figure 4 depicts policy implications including concrete policy suggestions for the Bay of Fundy, implement policy suggestions/considerations in parallel, and provide a basis for critical examination of ICM across other scales.


[image: Concentric circles diagram depicting key integrated coastal management (ICM) characteristics. The innermost circle lists objectives like building local capacity for ICM. The middle circle highlights elements such as innovative multi-actor arrangements, formal structures, and inclusion of diverse groups. The outer circle details policies, such as federal policy updates and provincial legislation. A legend explains color-coded sections, including opportunities, sub-regional context considerations, and policy recommendations for Bay of Fundy.]

FIGURE 4. Potential avenues for promoting core ICM characteristics in the Bay of Fundy.



Policy Recommendations for the Bay of Fundy

The main insights of this paper relate to core ICM characteristics (inner circle of Figure 4):

	1. Formal structures that span political cycles
	2. Meaningful inclusion of diverse actor groups and knowledge
	3. Innovative multi-actor structures or arrangements

The second inner ring shows the lessons from past ICM experiences and combined approaches need to be updated within existing policy instruments. Most importantly:

	• Learn from past experiences and innovate
	• Embrace a spectrum of strategies to enhance quality and appropriateness of actor engagement
	• Build capacity of local actor groups for more effective ICM

Next, meaningful inclusion of actors requires consideration of context-specific details that differ between actor groups within the Bay of Fundy (e.g., capacity, history, objectives). Last, capacity of actor groups should be enhanced so they can effectively participate in appropriate, innovative mechanisms for deliberation and implement future integrated management efforts. Opportunities to achieve core ICM characteristics are shaped by the history, capacity, motivation/incentives, and objectives of the sub-regions. Although opportunities for ICM policy measures in the Bay of Fundy are identified at the regional scale, policies that are founded or incorporate the differences at the sub-regional level should be prioritized.

The outer ring of Figure 4 ultimately leads to examples of policy recommendations that were raised by participants. These illustrative examples provide concrete and practical paths for the achievement of each common opportunity identified in this study within the Bay of Fundy context. Specifically, these actions would help facilitate an appropriate balance between government and non-state actor groups in ICM:

• Update Federal Policy statements to incorporate lessons

	◦ E.g., Revise the Oceans Strategy to include lessons from previous experiences

	• Strengthen commitment to ICM in federal law

◦ E.g., Through the Federal Oceans Act or Federal Aquaculture Act

	• Create a provincial engagement strategy to enhance engagement of local actor groups

	◦ E.g., Engagement guidelines or standards for activities in Nova Scotia and New Brunswick

	• Enhance role of municipal governments to support the building of local capacity and engagement of local actors in ICM

◦ E.g., Amend Municipality Acts (Provincial legislation) in both Nova Scotia and New Brunswick



Policy Recommendations Should Be Implemented in Parallel

Implementing the recommended policy insights should facilitate ICM progress in the Bay of Fundy, as well as assist in other regions, by more closely considering appropriate governance dimensions. The suggested policy instruments from the outer ring of Figure 4 would likely benefit from being implemented simultaneously. Core characteristics, as well as the opportunities to achieve them, are significantly interconnected and, in some cases, can facilitate or even depend on each other. For example, adopting a Provincial engagement strategy could help facilitate the meaningful inclusion of diverse actors and knowledge types as well as help ensure early and ongoing engagement. In this way, connections between opportunities and core characteristics overlap as well as within the characteristics themselves as a result of contextual factors (Figure 3). Additionally, this example illustrates that stregnthened formal structures can direct legal authorities to more clearly support core ICM characteristics and ensure efforts for ICM continue beyond one political cycle.

Formal structures can also help local actor groups receive the opportunity to participate in a way that is meaningful and appropriate to their unique context. Additionally, other formal policy measures that serve to increase the capacity or organization, and thus legitimacy of their groups to authorities, to participate meaningfully might be linked to achieving democratic representation and identifying common objectives. It should not be assumed that an actor group in one sub-region will have the same capacity in another. These policy instruments have implications for continued knowledge sharing and institutional learning from past failures and successes to optimize positive and desired outcomes from ICM processes.



Critical Examination of the International Context

Given the findings of this study, some apprehension arises in light of the international scale at which some ICM initiatives are being pursued with the potential to be misaligned with local capacity. Specifically, a number of internationally led ICM initiatives presently being implemented are often operating at a scale much beyond the sub-regional setting argued in this paper. Recent examples include the UNESCO MSP Global program (UNESCO, 2020), Blue Economy, European Union Maritime Spatial Planning, US Ocean Planning, that often create high-level objectives or planning principles that may not fit with local capacity, pressures and opportunities.

This trend of international objectives impacting national and regional initiatives may not focus sufficiently on the untapped potential of the local-regional scale. This is seen through international conservation efforts and agreements such as CBD Aichi Target 11 that has elicited the prioritization of conservation objectives through MPA networks (Convention on Biological Diversity, 2013). In Canada, this has resulted in federal agencies committing to:

By 2020, at least 17 percent of terrestrial areas and inland water, and 10 percent of marine and coastal areas, are conserved through networks of protected areas and other effective area-based conservation measures (Government of Canada, 2011).

It is prudent that these international priorities do not trump local needs and objectives but rather make strong efforts to infuse and embed local preferences and realities into international efforts toward multiple objectives so the scale mismatch are not exacerbated. A recent piece by Manuel and MacDonald (2020, p. 136) states that “The 10-year gap between the [ICM] and current MSP initiatives shows that marine planning and management in Canada is vulnerable to changing government priorities.” This study shows that local participation and capacity will be needed to sustain efforts toward ICM over time.



CONCLUSION

Both theory and lived experiences call for a combined approach to ICM that capitalizes on all relevant actor groups. The present study was designed to identify understand what current opportunities exist to achieve core ICM characteristics moving forward in the Bay of Fundy. Core ICM characteristics include formal structures that span political cycles; meaningful inclusion of diverse actor groups and knowledge types; and, innovative multi-actor mechanisms (i.e., structures or arrangements) were previously identified through (Eger et al., in press). An embedded case study comparison revealed common opportunities for achieving the core ICM characteristics listed above and we provide suggestions on policy-instruments to assist in moving toward enhanced regional ICM in the Bay of Fundy. Results suggest that alternatives to centralized ICM governance models are needed to implement ICM policies more appropriately and effectively; however, there is no single combination of top–down and bottom–up, or non-state and state actors for any given ICM context (Klain et al., 2014; Young et al., 2018). Further, we suspect that the wealth of experience with ICM initiatives in the recent past has provided direction and prioritized opportunities for future efforts. We show how the following insights are needed to advance ICM in the Bay of Fundy and perhaps more broadly within Canada or even internationally:

	• Learning for improved formal structures
	• A spectrum of approaches to support appropriate ICM
	• Local capacity for effective innovative mechanisms
	• Policy implications

Our findings advocate for further refinement and enhanced connection to the local level within the bio-regional approach proposed for MSP in Canada (Minister of Fisheries Oceans and the Canadian Coast Guard, 2019). We propose that change is needed at the sub-regional scale to improve how communities participate in MSP. Despite the assumption that current governance regime for managing coasts and oceans in Canada has capacity for integration (Nursey-Bray, 2016), sectoral silos remain and governance processes for ICM often do not meaningfully include local actor groups. This paper highlights that governance is the missing link and that a critical aspect is to update, amend and create formal structures that reflect local, lived experiences. The generic lessons from these sub-regional case studies provide insight about how to achieve an appropriate, combined, and universally applicable governance approach needed for ICM in other Canadian coastal and marine regions.

As MSP continues to develop internationally (e.g., Europe, Australia, China, Canada) and the United Nations Decade of Ocean Science for Sustainable Development approaches (2021–2030), there is an urgent need to consider underlying governance of existing systems to ensure they can support the complex management interventions developed to reach multiple objectives across many activities (United Nations, 2020). Ultimately, this study delivers precise regional opportunities that support core ICM characteristics relating to governance. To account for site-specific differences, we suggest more attention be given to strategies that incorporate local history, unique capacity of actor groups and social-ecological systems objectives. Only when governance is focused at a local scale, a scale that allows non-state actors to complement authorities’ efforts, will ICM policies be fully, and stably, implemented.
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Successful management and mitigation of marine challenges depends on cooperation and knowledge sharing which often occurs across culturally diverse geographic regions. Global ocean science collaboration is therefore essential for developing global solutions. Building effective global research networks that can enable collaboration also need to ensure inter- and transdisciplinary research approaches to tackle complex marine socio-ecological challenges. To understand the contribution of interdisciplinary global research networks to solving these complex challenges, we use the Integrated Marine Biosphere Research (IMBeR) project as a case study. We investigated the diversity and characteristics of 1,827 scientists from 11 global regions who were attendees at different IMBeR global science engagement opportunities since 2009. We also determined the role of social science engagement in natural science based regional programmes (using key informants) and identified the potential for enhanced collaboration in the future. Event attendees were predominantly from western Europe, North America, and East Asia. But overall, in the global network, there was growing participation by females, students and early career researchers, and social scientists, thus assisting in moving toward interdisciplinarity in IMBeR research. The mainly natural science oriented regional programmes showed mixed success in engaging and collaborating with social scientists. This was mostly attributed to the largely natural science (i.e., biological, physical) goals and agendas of the programmes, and the lack of institutional support and push to initiate connections with social science. Recognising that social science research may not be relevant to all the aims and activities of all regional programmes, all researchers however, recognised the (potential) benefits of interdisciplinarity, which included broadening scientists’ understanding and perspectives, developing connections and interlinkages, and making science more useful. Pathways to achieve progress in regional programmes fell into four groups: specific funding, events to come together, within-programme-reflections, and social science champions. Future research programmes should have a strategic plan to be truly interdisciplinary, engaging natural and social sciences, as well as aiding early career professionals to actively engage in such programmes.

Keywords: marine science, research networks, disciplines, global, regional programmes


INTRODUCTION
Ocean and coastal resources are critical for human well-being and prosperity, but are also impacted by increasing anthropogenic pressures that compound natural stresses (Merrie et al., 2014; Inniss et al., 2016). The state of the oceans is changing rapidly due to climate change (e.g., warming temperatures, acidification) and increased use and access (e.g., fishing, transportation, tourism, mining) and the oceans are also a major sink for many forms of pollution (Glavovic, 2016; United Nations, 2017; IPCC, 2019). Decision-makers therefore address multiple environmental threats to the oceans to ensure effective stewardship including conservation, ecosystem-based management, enabling sustainable resource use, and improving consideration of equitable access (Fulton et al., 2014; Stephenson et al., 2019; Allison et al., 2020; Duarte et al., 2020; Friedman et al., 2020; Narita et al., 2020; Österblom et al., 2020).
Addressing these linked socio-ecological challenges effectively (Berkes and Folke, 1998; Colding and Barthel, 2019) requires networking and collaboration that unites sciences and scientists from various disciplines (we focus on social and natural scientists in particular), to understand the problems, develop suitable and equitable solutions, and inform and engage society (Fischer et al., 2011; Ledford, 2015; Viseu, 2015; Crow and Dabars, 2017; Mcdonald et al., 2018; Schäfer et al., 2020).
In many aspects of ocean science, the natural and social science communities are not traditional partners, and the inter- and transdisciplinary approaches (see Box 1 for definitions) that are emerging toward achieving future sustainability are relatively new (Norström et al., 2020).

BOX 1. Definitions of terms.
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Figure B1: Conceptual interdisciplinary interactions (Adapted from Tress et al., 2004).
Disciplinary research: takes place within the boundaries of currently recognised academic disciplines. The research activity is oriented toward one specific goal, looking for an answer to a specific question.
Interdisciplinary research: involves two or more different academic disciplines. These can be multiple natural science disciplines (e.g., ecology, mathematics, and physics), multiple social science disciplines (e.g., anthropology and economics), or combined natural and social science disciplines (e.g., oceanography, biology, psychology, and sociology). Researchers work together to integrate knowledge, education, and theoretical approaches, to develop and meet shared research goals, and achieve a synthesis of approaches (Tress et al., 2006; Kelly et al., 2019). New knowledge and theory can be created as part of the process.
Transdisciplinary research: As above but where researchers and non-academic participants, such as managers, user groups and the general public, work together to address a shared goal.Note: see Tress et al. (2006) for other concepts such as multi-disciplinarity.

The aim of this research is to investigate the progress and challenges associated with building interdisciplinary global research networks that contribute to resolving complex marine socio-ecological challenges. We use a case-study approach focussed on the Integrated Marine Biosphere Research (IMBeR1) project – a global interdisciplinary marine science network (Box 2). The 2016–2025 IMBeR Science plan indicates the need for interdisciplinarity between all sciences but particularly between natural and social sciences in ocean research. We focus on interdisciplinarity between the social and natural sciences and not on interdisciplinarity within the natural or social science disciplines (see Box 1). We only explore interdisciplinarity and do not explore trans-disciplinarity which would include the use of non-scientific information.

BOX 2. The Integrated Marine Biosphere Research (IMBeR) project.
Integrated Marine Biogeochemistry and Ecosystem Research (IMBER, or OCEANS as it was initially known) was established in 2002 by the International Geosphere-Biosphere Programme (IGBP) and the Scientific Committee on Oceanic Research (SCOR) in anticipation of the ending of the Joint Global Ocean Flux Study http://ijgofs.whoi.edu/. It was also recognised that there was a need for a global marine research project to continue the study of the biological and chemical aspects of the ocean within the context of global change. In 2005, the IMBER project published its Science Plan (IMBER 2005) (Hofmann et al., 2015). A name change occurred in 2016, IMBER became IMBeR (Integrated Marine Biosphere Research), together with a new Science Plan and Implementation Strategy reflecting the focus toward the human dimensions of global change and ocean sustainability http://imber.info/science/imber-science-plan-and-implementation-strategy-spis/. In addition to being sponsored by SCOR, IMBeR is one of Future Earth Global Research Projects https://futureearth.org/networks/global-research-projects/ that undertakes research for sustainable development, including interactions between the terrestrial, coastal, and ocean environments.
Initially, IMBeR’s project administration was hosted at the European Institute of Marine Studies in Brest, France (2005–2012), and then at the Institute of Marine Research in Bergen, Norway (2012–2020). Since April 2020, project administration has been undertaken by two International Project Offices — one at Dalhousie University in Halifax, Canada, and the other at the East China Normal University in Shanghai, China.
The development and implementation of IMBeR science, in accordance with the Science Plan and Implementation Strategy, is overseen by a Scientific Steering Committee (SSC) – a group of approximately 15 appointed members, who volunteer their time and expertise for a period of between three and six years. The SSC is led by the IMBeR chair. There have been three Chairs of the IMBeR Scientific Steering Committee: Julie Hall (2005–2010) specialises in plankton and microbial foodwebs, Eileen Hofmann (2011–2016) studies physical-biological interactions and physical oceanography, and Carol Robinson (2017–2021) works on the role of marine bacteria, phytoplankton and zooplankton in global carbon cycling., and seeks to achieve geographic, gender, and disciplinary balance.

There are many benefits to interdisciplinary collaboration, including addressing shared questions from diverse angles, generating increased common ground (Bakun, 2010), data-sharing (Hofmann et al., 2009; De Broyer et al., 2014), and support of science diplomacy (Harden-Davies, 2017). A transdisciplinary approach, where non-academic knowledge systems are integrated into social and natural science research, can improve the regional fit of research results and can be used to address socio-ecological challenges. Ultimately, in order to maximise utility and relevance of ocean science, knowledge should be co-produced and integrated across knowledge systems to align new understandings with end-user requirements (Miller and Wyborn, 2020; Norström et al., 2020). The identification of societal needs will ensure that resulting research products are more relevant and meaningful for users (Dannevig et al., 2019).

Interdisciplinary research approaches are championed because of their value (Brondizio et al., 2016; Alexander et al., 2018; Fortunato et al., 2018). Approaches that reach beyond disciplinary and academic boundaries, however, may not be straightforward. For example, institutional organisational structures often do not support the sharing of staff, resources, and intellectual property (Bridle et al., 2013; Blythe and Cvitanovic, 2020). In addition, the communication across disciplines, team building, and integration of research approaches that is required in interdisciplinary endeavours, may take longer than conventional disciplinary approaches. There are also practical difficulties (although these do not exclusively apply to interdisciplinary approaches), because diverse scientists bring different paradigms, skills, language and jargon, publishing approaches, and competencies (Fischer et al., 2011; Mcdonald et al., 2018). As an example, differences in quantitative approaches and knowledge are sometimes notable. Such difficulties are exacerbated when academic and non-academic knowledge systems meet (Cundill et al., 2015, 2019; Koch, 2020). On the whole, diversity is not always encouraged.

Nevertheless, bringing in early career professionals (ECP) from different cultural backgrounds and genders can bring important perspectives and innovation to interdisciplinary projects (Baeseman et al., 2011). Although day to day exposure is more expedient to operationalise interdisciplinarity, bringing researchers and other knowledge holders together (at workshops and conferences) to facilitate diverse collaborations also plays an important role (Lyall, 2019).

Although achieving interdisciplinarity in the marine research realm has been a goal for many decades, joined by transdisciplinary aspirations about 20 years ago, initiatives are often heavily biassed to understanding the system through a natural science focus (e.g., climate science, oceanography, biogeochemistry and ecology). True cooperation with the social sciences (i.e., from project inception through to development) based on mutual trust, commitment and support, remains rare (Eigenbrode et al., 2007; Morse et al., 2007; Robinson et al., 2012; Viseu, 2015; Hollowed et al., 2020).

The implementation of an inclusive and integrated approach to knowledge building is important for marine research across a range of spatial scales (Bulkeley, 2005; Charles, 2012); many activities that threaten ocean health occur at local and regional levels, but their impacts are felt nationally and globally (United Nations Oceans and Law of the Sea, 1995; United Nations Educational Scientific and Cultural Organization, 2017)2. Researchers must collaborate and network with colleagues and other knowledge holders across the globe if a comprehensive integration of (marine) science at disparate spatial scales into collaborative and societally relevant knowledge building is to be achieved (Xavier et al., 2016a; Hobday et al., 2017; Marandino et al., 2020). However, collaborating to address sustainability issues at the global scale can become particularly complicated as a result of political, social, and cultural complexities (Mallin and Barbesgaard, 2020), and regional and local research collaborations have outpaced global collaborations to date (Zuo and Zhao, 2018). Despite this, countries and regions remain intertwined through their use of and reliance on the ocean, and the successful management and mitigation of marine challenges depends on cooperation and knowledge sharing, which often occurs across culturally diverse geographic regions [e.g., regional management of tuna fishing (Sinan and Bailey, 2020), designation of protected areas, addressing illegal, unreported and unregulated fishing (IUU)]. Global ocean science collaboration is therefore essential for developing global solutions.

To enable global science collaboration, large-scale (global) research networks, such as the 19 different Global Research Projects1 that underpin Future Earth have been created. These global projects (here also referred to as global networks) all have a different focus (i.e., marine, mountains, atmosphere, land) but most have similar aims: to support, coordinate and foster world-wide scientific research and provide a hub for this global scientific research (through synthesising and promoting). The use of an interdisciplinary approach to promote new science to address global issues is central to achieving the aims of the global networks (as for example stated by, Analysis, Integration, and Modeling of the Earth System (AIMES) https://aimesproject.org/Global Mountain Biodiversity Assessment (GMBA) GBRMPA Integrated Land Ecosystem-Atmosphere Processes Study (iLEAPS). The networks all aim to facilitate communication and dialogue between scientists, and also between scientists, policy makers, and stakeholders. The global networks also promote science leadership and build capacity of Early Career Scientists (ensuring developing countries also benefit). The creation of opportunities for scientists to link up, communicate, and build capacity through events and conferences is central to all global programmes.

The expansion of these global networks is, however, outpacing knowledge on how to effectively build them (Hennemann et al., 2012). For instance, we have only started to understand how these networks can incorporate local and regional science information in order to successfully address global challenges (Gerhardinger et al., 2018), and importantly, whether their aim of interdisciplinarity is being achieved at the regional and global level. Learning from the experiences of global networks developed thus far will provide opportunities to improve and create successful practices for existing and future initiatives (van der Hel, 2016). In an effort to identify and better understand what has worked or not thus far, particularly in achieving interdisciplinarity in global research networks, we evaluate IMBeR as a global network case study. There are some differences between IMBeR and other global networks, such as the focus on the marine environment and the associated role of the Regional Programmes (as explained elsewhere). But as highlighted above there are many similarities in the stated aim to implement an interdisciplinary approach to scientific research, to create opportunities to connect scientists and others by means of conferences and events, and to be inclusive toward ECRs and developing countries. The lessons learned from our case study will therefore be applicable to other global networks.

We therefore aim to explore interdisciplinary practice using the case study of IMBeR. We explore this topic by bringing together expert insights and event attendance data analysis. The event attendance data helps understand (1) how opportunities for inclusive engagement (in terms of discipline, career stage, and geographic spread) at the whole-of-project (global) level through events and conferences have developed over time; and the expert insights help (2) identify opportunities for enhanced interdisciplinary collaboration within global networks. We argue there is an urgent need to improve the sharing, integration, and application of interdisciplinary ocean science (United Nations, 2017) and outline effective ways through which this might be achieved.


Study: IMBeR

There are currently approximately 4,400 registered members in the global IMBeR science network (see Box 2). IMBeR science is predominantly undertaken by four Regional Programmes, four Working Groups, and an interdisciplinary Early Career Network (Table 1).3 The first IMBER Science Plan (2005–2015) dedicated one of its four themes to the human dimension, namely, Responses of Society.4 The importance of including humans as both drivers and recipients of change, together with an interdisciplinary approach to marine science were specifically highlighted in 2010. Since then, IMBeR has evolved from being a mostly natural science project, to one where inter- and transdisciplinarity are actively promoted (Bundy et al., 2016). The 2016–2025 IMBeR Science plan specifically states that “collaborative, disciplinary, interdisciplinary, transdisciplinary and integrated research that addresses key ocean science issues generated by and/or impacting society is required to provide evidence-based knowledge and guidance” (Hofmann et al., 2016, p. i).


TABLE 1. IMBeR Regional Programmes and Working Groups and their aims.
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METHODS

Using the IMBeR global science network as a case study, we investigated several data sources to explore our two aims:

	1. IMBeR records of attendance at events and conferences provided insight into opportunities for natural and social scientists (at various career stages and from different geographic origins) to come together and collaborate to address interdisciplinary marine issues.
	2. Experts provided qualitative insights into the social and natural science interactions and interdisciplinary collaborations within Regional Programmes through key informant interviews. The key informants are co-authors and in contributing to this paper they refined any insights.


IMBeR Event Attendance Data

IMBeR organises three different types of events5 : Open Science Conferences (OSCs) held at five-year intervals that provide a platform to deliver an update of the pertinent science and research direction; biennial IMBIZOs6 consisting of three concurrent, but interacting workshops that address current research topics and facilitate interdisciplinary research (informed by the IMBeR Science Plan); and biennial Climate and Ecosystems Summer Schools (“ClimEco”) for marine early career professionals led by interdisciplinary scientists with a focus on different topics relating to global change and human and ocean systems. To address the first aim of this paper, we investigated the diversity of participants attending IMBeR events, by considering their demographic information, career stage (students, early career researcher7, or researcher), gender, nationality, and country of residence. The disciplines for all attendees were self-reported as part of the conference registration process. Where disciplinary information was missing, a web-search was undertaken. Data was available for events held between 2009 and 2019 (two open science conferences, five IMBIZOs and four ClimEco Summer Schools) and are provided in the Supplementary materials (deidentified).



Key Informant (Expert) Survey

Eighteen scientific researchers currently leading and/or collaborating within the IMBeR Regional Programmes were approached (hereafter, “key informants”). The key informants were identified by the IMBeR International Project Office and via recommendations from the Regional Programme Chairs [i.e., snowball sampling (Goodman, 1961)] and were selected based on four criteria:

	1. They had a range of experience working in research teams (though not necessarily interdisciplinary teams);
	2. They held senior positions in their research organisation (i.e., senior manager, professor, principal research scientist);
	3. They had a (current or past) history of engagement with IMBeR and were associated with the Regional Programmes; and
	4. They represented a range of research backgrounds and geographical locations.

A qualitative questionnaire was implemented (Appendix A) to elicit information on the key informants’ experiences and perceptions of interdisciplinary collaboration between natural and social scientists within the Regional Programmes and/or IMBeR more broadly. The open-ended questions (that did not have a word limit) specifically focussed on key informants’ past engagement and their views on the value of social science engagement. They were asked to identify factors that could enable or hinder future engagement with the social sciences. Responses to the survey were analysed using the qualitative data analysis software (NVIVO 12, QSR International). A content analysis was applied to the survey responses, a technique where narratives are systematically coded according to themes and the relationships among those themes (see also Kelly et al., 2019; Table 1B and Appendix B). The themes were largely structured from the design of the questionnaire survey (i.e., questions on past engagement with social scientists, perceptions of social scientists, value of engagement, etc.). The results were continually verified against the raw data from which they were derived. Collective author reflection8 (by those that designed the survey and the key informants that provided responses to the survey) on the themes resulting from the analysis further verified the relevance and value of the results (see also Kelly et al., 2019).



RESULTS


IMBeR Events and Attendance

A total of 1,827 scientists from 11 global regions were involved in the 11 IMBeR events (OSCs, IMBIZO’s and Summer Schools) convened by IMBeR since 2009. Attendees predominantly resided in western Europe, North America, and East Asia (Peoples Republic of China (including Taiwan), South Korea, and Japan (Figure 1). Across all events, 46% of participants were female, and 21% of participants attended more than one event.
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FIGURE 1. Regional origin of attendees at IMBeR events (the Open Science Conferences, IMBIZOs, and ClimEcos) by gender as a proportion of total (actual numbers are provided inside the bars).


There were also regional differences in the career level of attendees (Figure 2). Proportions of early career researchers from North America, East Asia, Europe, Australia, and New Zealand were all below 50%. However, almost three quarters of all student and early career attendees (503 out of a total of 691) were from these regions.


[image: Stacked bar chart illustrating the proportion of students, early-career researchers, and researchers across different regions. Europe has the highest count of students at 207 and researchers at 568. North America has 54 students and 227 researchers. Other regions have varying distributions, with South Asia having the least number of researchers at 42. The chart highlights regional differences in academic roles.]

FIGURE 2. Regional origin of attendees at IMBeR events (the Open Science Conferences and IMBIZOs) by career level as proportion of total (actual numbers are provided inside the bars). ClimEcos not shown as they are targetted at students and early career researchers.


Over time, the proportion of early career researchers and students attending IMBeR events has also increased to around 40% of the total (Figure 3), each growing to around 20% in 2019 (note: only IMBIZO and OSC events are shown, as the ClimEco Summer Schools are attended exclusively by students and early career researchers).


[image: Line graph depicting the proportion of students, early-career researchers, and researchers from 2009 to 2019. Students, starting at around 0.15 in 2009, show a slight increase, while early-career researchers start below students, rising steadily and surpassing them around 2010, with a peak in 2017. Researchers start at 0.85 in 2009, showing a significant decline to around 0.55 by 2019.]

FIGURE 3. Proportion of attendees at OSC and IMBIZO events by career stage.


Records of the disciplinary backgrounds of attendees were only available for the ClimEco Summer School events (consisting of students and early career researchers). While these events are still attended predominantly by natural scientists, the number of attendees identifying as social scientists or combined natural and social scientists has increased over time (Figure 4).


[image: Line graph showing the proportion of total scientists from 2012 to 2018. Natural scientists decrease slightly, starting near 1.0 in 2012 and ending near 0.82 in 2018. Social scientists remain minimal. Those in both fields increase slightly, remaining a small fraction.]

FIGURE 4. Disciplinary backgrounds of ClimEco Summer School attendees.


Across all IMBeR events, females were underrepresented in five of the global regions (assuming a sex ration of 1:1); and likewise, males were underrepresented in five regions. Over time, the proportion of female attendees has increased and has been higher than that for male attendees since 2015. ClimEco Summer Schools were attended by more females (55%) than males, and females represented 71% of European attendees (see Supplementary materials for de-identified data). The gender balance was close to 1:1 at the OSCs (51% male), but was less equal at the IMBIZOs (39% female, 61% male).



Key Informant Survey Results

The 18 key informants represented all four IMBeR Regional Programmes and included members of IMBeR’s Scientific Steering Committee (Tables 1C, 2C, 3C, Appendix C). They were predominately located in western countries (i.e., United States, Australia, New Zealand, United Kingdom, Spain, Germany, Portugal, Canada, Norway) and generally had expertise in natural sciences (ecology, oceanography, marine biogeochemistry, fisheries science, etc.), although some also highlighted more social-focussed expertise (i.e., marine policy, human use of marine resources, social-ecological systems, etc.). Only one key informant identified themselves as interdisciplinary. On average, these key informants have been involved in IMBeR for 10.2 years (median 10 years). Key informants were all senior scientists or professors. The key themes derived from the qualitative analysis were largely derived from the structure of the questionnaire survey (i.e., past engagement with social scientists, perceptions of social scientists, value of engagement, etc.). These themes are described below, and interviewee quotations (de-identified using codes) are used to elucidate and describe the themes in context. The interviewee quotations used below are intended to be descriptive, and not representative, of scientific researchers working within IMBeR.


Past Engagement With Social Scientists

Key respondents indicated that, in most Regional Programmes, interactions with researchers from the social sciences were largely initiated at natural science meetings. The focus of these science meetings centred largely around natural science agendas. However, key informants identified that past engagement with social scientists had achieved mixed success overall (9 positive responses out of 17). One informant reflected that:

	“The (current) [IMBeR] structure makes it difficult to link to any one of the Regional Programmes” (Key Informant #18 – IMBeR SSC).

Where there has been limited or no engagement, this is largely reflective of (i) the dominance of natural science (i.e., biological, physical) goals and agenda of the programmes, and (ii) the lack of support from the institutions the researchers worked at to initiate connections with the social sciences. Despite this, our thematic analysis (using NVivo) found that all key informants recognised the (potential) benefits of working with social scientists, including developing connections and interlinkages, broadening their respective understanding and perspectives, and making science more useful for end-users. For example, key informants noted:

	“Engaging with social scientists [….] has given me a much better appreciation of the consequences of climate change on marine resource dependent communities” (Key Informant #6 ESSAS);
	“Through discussion with (social scientists) I learned the formats in which our science can be useful to them” (Key Informant #7 ESSAS); “The diversity of disciplines means you get a much more holistic understanding of the different aspects of marine science” (Key Informant #17 SSC).

The key respondents perceived several challenges to connecting with/engaging social scientists within their Regional Programmes, including: programme research priorities; access to funding and other resources; cross-disciplinary communication; limited opportunity to engage; and scientists’ interest (i.e., personal research interest and also programme focus). For example:

“The interactions were not well facilitated” (Key Informant #1 CLIOTOP);

	“The challenge is to envision integrative cross-disciplinary projects and get them funded” (Key Informant #5, CLIOTOP);
	“Keeping people engaged and finding time and space for scientists to come together (is difficult)” (Key Informant #4 CLIOTOP).



Perceptions of the Value of Social Science Engagement in IMBeR’s Regional Programmes

All key informants across the programmes had positive perceptions of the (potential) added value of social science contributions. However, they highlighted that social science research would not be relevant to all the aims and activities of the Regional Programmes. They emphasised that creating opportunities for fruitful engagement with social scientists is necessary to co-create relevant and useful questions and that there needs to be much more work in this regard across all parts of IMBeR. Furthermore, they held diverse views of how social scientists might help to address the programme challenges:

	“Setting the context/management of the marine environment is actually management of humans” (Key Informant #5 CLIOTOP);
	“(Social scientists are needed for) engaging stakeholders, evaluating social and legal institutions and regulations, translation at disciplinary boundaries, participation in co-production” (Key Informant #13 ICED).

Some uncertainties were also expressed.

“The main role for social scientists is not particularly clear” (Key Informant #15 SIBER).

Again, all key informants agreed on the need to co-develop research questions and agendas with social scientists and provided suggestions for refining or creating new programme challenges that could accommodate the interests and capacities of social scientists (see section “Enabling Engagement With Social Scientists”).



Enabling Engagement With Social Scientists

Around one third of the key informants who were natural scientists did not have any experience working with social science disciplines. Their experiential knowledge, therefore, could not inform their views on the role or potential for collaboration with social scientists within the Regional Programmes they contributed to. The remaining key informants identified several potential roles for social scientists within the Regional Programmes. These roles pertained to addressing management and policy questions, questions around legality of activities, sectoral interactions, and conservation policy development. It was, however, not clear to key informants how social scientists might address these questions (i.e., the methods to go about it). Nor was it clear how social scientists might engage with the Regional Programmes in practice (i.e., logistically) to address these questions. In particular, there seemed to be some misunderstanding on what the contribution and capacity of social science is, or could be, for the Regional Programmes. For example, several informants thought that the role of social scientists was associated with communication, rather than science:

	“Social scientists can utilise natural scientific information and can transform it into something that is more relevant to public needs” (Key Informant #7 ESSAS);
	“(It could) relate science and education and outreach” (Key Informant #12 ICED).

Key informants believed that social science-led projects and activities were needed within the Regional Programmes, and that this could be best enabled by IMBeR workshops, conferences, and Summer Schools (and potentially, other new IMBeR events) and Regional Programme events. One informant highlighted interdisciplinary training for ECPs (e.g., via IMECaN) as an opportunity that could help enable future collaborations across disciplines:

“Organise interdisciplinary workshops and conferences” (Key Informant #19 SSC).

Even though opportunities currently do exist to interact with social scientists at IMBeR events, there was a perception amongst key informants that the opportunity to engage with social scientists, and, importantly, to better understand their research interests and capacities, was currently limited. Anticipated barriers to potential future collaborations between social and natural sciences in the Regional Programmes included lack of access to funding, and the institutional barriers to conducting interdisciplinary research:

	“There is no substantial funding to generate wide interest” (Key Informant #1 CLIOTOP);
	“A lack of common language and understanding” (Key Informant #19 SSC);
	“IMBeR’s limited budget makes it difficult” (Key Informant #12 ICED);
	“The different experiences, processes, and perspectives that are brought from the natural and social sciences – it takes a lot of effort” (Key Informant #8 ICED).

Key informants highlighted several pathways to address these barriers and support (greater) future social science engagement within the Regional Programmes. These pathways fell into four groups: specific funding, events, within-programme evaluation processes, and social science champions. At a global research level, more than half of key informants highlighted the need for funding that could enable collaboration and dedicated funding opportunities for projects with social and natural scientist collaborations to address specific IMBeR objectives.

Workshops and conferences were seen as crucial for facilitating collaboration. The need to create opportunities for specific information exchange through IMBeR events was emphasised, as was a role for IMBeR’s Human Dimensions Working Group in providing training materials (e.g., short workshops/presentations) on aspects of “social science for natural scientists” (while the inverse, that natural scientists provide such material for the social scientists was not mentioned). Key informants suggested creating a database of social scientists, that could identify individual researchers potentially willing to become involved with addressing identified regional issues (but see for instance Mckinley et al., 2020).9 Overall, facilitating engagement across all Regional Programmes, to share experiences of collaborating across disciplines, was highlighted as a worthwhile exercise. Key informants did not mention the role of ECPs in achieving interdisciplinarity and collaboration.



DISCUSSION

Global networks are increasingly recognised as an effective mechanism for developing interdisciplinary research approaches and projects for developing solutions to the grand challenges facing coasts and oceans. The aim of facilitating communication and dialogue between diverse scientists and build capacity through events and conferences is central to building global networks. Our study, focussing on IMBeR as a case study, showed that attendance of social scientists at events over the past 10 years has increased. At the same time IMBeR successfully achieved increased diversity by improving the gender balance (to almost 1:1 across all events) and spread of career stages (growing to a 40% early career researcher and student participation). Face-to-face interactions at events between different disciplines are essential to encourage research collaborations, such as evidenced in special issues10. This reflects the active role IMBeR has taken to prioritise representation across gender, career stages, scientific disciplines, and countries.

Our study also highlighted regions where representation of gender and career stage were not equal, and in future, focussed efforts to resolve under-representation within these regions is needed. For example, researchers from developed countries were more represented at IMBeR events than those from developing nations. And whilst the gender balance is more equal at an ECP level than at senior researcher levels, women are least well represented among attendees from East Asia and North America. North America was also predominantly represented by senior researchers and had the lowest proportion of students and ECPs. Our comprehensive examination of the IMBeR global network revealed that improvements are still needed to better leverage the disciplinary, professional, age, gender and geographic diversity of its members to further build capacity and facilitate interdisciplinary collaboration at global levels.

The most rapid change observed within IMBeR and its Research Programmes was participation from IMBeR ECPs. The inclusion of diverse ECPs (i.e., hailing from different cultures, regions, genders) in interdisciplinary projects can bring important perspectives which might not otherwise be acknowledged (Hofstra et al., 2020). Efforts that can provide inclusive and resultingly, productive environments welcoming all ECPs are expected to diversify scientific collaborations and drive more innovative research.

Despite the many (potential) benefits of interdisciplinary collaboration for addressing global and regional science questions, including data sharing and gaining common ground (Harden-Davies, 2017), there is currently no smooth-running conduit for developing social and natural science collaborations (and interdisciplinary approaches) between regional and global-scale research programmes. However, efforts to achieve such collaboration are emerging and improving including; the IMBeR ESSAS programme which created its own Human Dimensions Working Group; the CLIOTOP programme which provides data and outputs to Regional Fisheries Management Organisations (e.g., Lehodey et al., 2015) and the Intergovernmental Panel on Climate Change and the Intergovernmental Panel on Biodiversity and Ecosystem Services (e.g., Maury et al., 2017); and ongoing scientific contributions to the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) (Cavanagh et al., 2021) through the ICED programme (Murphy et al., 2008). Experiences of collaboration between social and natural sciences and the implementation of interdisciplinary approaches are thus not absent at Regional Programme levels (see for instance Evans et al., 2020) but neither are they ubiquitous.

This is contrary to findings stating that local and regional research questions are applied research questions which are well suited to interdisciplinary approaches and projects (Saint-Paul and Schneider, 2010). As a result, even though the IMBeR network has enabled an increased exposure of natural and social scientists to each other, and promoted collaboration on a global level, several potential reasons for a lag at some of the Regional Programme level activities were identified.

Firstly, the Regional Programmes were largely established with aims that focussed around natural sciences (with the exception of CLIOTOP). Many of the programmes had their scientific plans focussed on achieving these aims in place before they became part of IMBeR. Given the specific science objectives of each of the Regional Programmes and, in association, the geographic focus of most (e.g., SIBER in the Indian Ocean, ICED in the Antarctic, ESSAS in sub-Antarctic regions), they contribute to IMBeR’s overall goals in varying ways, and not all contribute to all of the goals IMBeR sets out in its most recent science plan. As IMBeR has updated its science plan through time (with input from the chairs of the Regional Programmes), the Regional Programmes have reshaped their activities somewhat to align their priorities with those of IMBeR. There is recognition that Regional Programmes could benefit, particularly in contributing to IMBeR’s science plan, by developing their programme aims and focus to include more social science perspectives. A key lesson from this is that Regional Programme aims and objectives are best developed in parallel with those of the global project whilst recognising that the Regional Programmes may exist beyond the timeframes of global projects (i.e., global projects change or cease to exist), which is a lesson for IMBeR and other global networks.

Secondly, general research funding is limited and studies have shown that the probability of funding decreases with the level of interdisciplinarity (Bromham et al., 2016). The “paradox of interdisciplinarity” where this type of research is encouraged by policy makers but less likely to be funded (Bromham et al., 2016), is exacerbated by the decrease in funding available for integration and communication activities in the IMBeR Regional Programmes. The Regional Programmes are now essentially funded by the researcher’s institutions or research funds. Consequently, potential new members (including different disciplines, ECPs and less well represented countries) may be limited in their ability to participate and contribute to this research. This potentially reduces project participant diversity and (potentially) delays social and natural science collaborations (Blythe and Cvitanovic, 2020). This potential barrier to inclusion was highlighted by a virtual workshop held in August 2020 by IMECaN, where no limits to attendance, free admittance (assuming access to internet), and no requirement to travel likely contributed to the majority (66%) of participants coming from developing nations. Active engagement by Regional Programmes’ members and IMBeR in accessing funds, and in doing so increasing funding available for activities, could have real benefits in terms of accessibility (through physical travel or prioritising funded work) for new and existing members, particularly from countries and regions currently underrepresented within IMBeR events (e.g., Figures 1, 2). Increasing accessibility to new members will help to promote diversity and support scientific innovation.

The need for collaboration and integration of natural and social sciences (Pannell et al., 2019) was recognised by most researchers in Regional Programmes who stated that they were eager to work together to learn and develop approaches.11 However, the survey responses revealed a lack of awareness and understanding among some of the natural scientists of social science disciplines, methods, and approaches. For instance, some key informants believed that social scientists are responsible for the communication of project outputs (e.g., to policy-makers or the public), whereas science communication has its own specialised field and is a discipline in itself (Kaiser et al., 2010; Xavier et al., 2016b). Such misperceptions could place unrealistic expectations by natural scientists on those social scientists engaged in global marine science projects, with an end result of missed opportunities.

An important consideration for the development and implementation of global networks is to ensure that natural scientists gain a deeper understanding of the capacity and scope of the broad field of social sciences, and vice versa (Ledford, 2015). We highlight the importance of social science champions at the regional level to achieve this. But we also highlight the role of for example joint natural science-social science workshops (such as exemplified by ClimEco Summer Schools). Indeed, our results show similar levels of social scientist representation in Summer Schools and within IMECaN (∼20–30%). Increasing mutual comprehension of different disciplines through such networks and activities are likely to help resolve misperceptions and ultimately facilitate interdisciplinary collaboration. We recommend that that IMBeR continues to offer activities to attract social scientists, targetting an equal representation of the different disciplines in the future.

Although bringing social and natural scientists together by providing adequate resources to support engagement (i.e., funding, events, and training) was identified as central to facilitating collaboration - it is not enough. There is a clear role and benefit of expanding engagement from a high diversity of disciplines to expedite and promote effective and sustainability-focussed collaboration between the natural and the social sciences. The results of this case study further revealed that participants at ECP events represented greater diversity (i.e., geographic region and gender) which is a necessary component of interdisciplinarity (Blythe and Cvitanovic, 2020). Yet, much more work is needed to embed ECPs within IMBeR’s institutional structures (for instance as members of Working Groups and Regional Programmes) if this diversity is to facilitate research to resolve the grand and complex challenges facing the oceans and the societal well-being associated with them. We suggest that early-career training and capacity building should play a central role in large global programmes, not just by creating peer-to-peer networks but also by preparing future leaders through vertical integration and exposure to existing and trusted inter- and transdisciplinary scientific networks with senior scientists. In doing so, ECPs will acquire the necessary skills to actually collaborate and integrate across scientific disciplines and other knowledge systems (Roy et al., 2013).

Training in social science methods for natural scientists and vice versa is, of course, the role of Universities (with support from funding agencies). In such interdisciplinary programmes, students learn how to communicate in the language of the “other” discipline. IMBeR and other programmes could capitalise on that through efforts to recruit student participants from such programmes into Working Groups and Regional Programmes.

We recognise that in this study we provide some useful insights into exposure by natural and social scientists, but we could not explore in detail how IMBeR specifically has facilitated interdisciplinary collaborations. One overarching sentiment is that there is still a need to bring disciplines together to work collaboratively to address large-scale interdisciplinary marine challenges. This means that there is a need for IMBeR to keep evolving and perhaps increase the speed to push the evolution of the co-development of interdisciplinary research. Continuous renewal in combination with self-reflection is a key strength (Wilson, 2009) that will influence IMBeR’s impact in achieving such co-development.



CONCLUSION

There are clear benefits of social and natural scientists engaging and collaborating in a meaningful way and using interdisciplinary approaches to solve specific marine science problems that occur locally, regionally, and globally. Moreover, bringing researchers and other knowledge holders with different perspectives and expertise together at events or conferences to facilitate diverse collaborations is a precursor for interdisciplinary research to be operationalised. There are several pathways to reduce barriers across disciplines and support future social science engagement within natural science Regional Programmes, such as specific funding, events, within-programme reflections, and programme social science champions. Thus, opportunities to interact and build networks between natural and social scientists, that can lead to such diverse collaborations, are key to providing interdisciplinary solutions from local to global marine issues. Global networks, such as IMBeR, have the potential to play an important role in making this vision of fostering inclusive and comprehensive knowledge-building relationships and supporting the integration of natural and social science a reality.
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FOOTNOTES

1 Previously called “Integrated Marine Biogeochemistry and Ecosystem Research” (IMBER) now called “Integrated Marine Biosphere Research” (IMBeR).

2 See also the International Geosphere-Biosphere Programme (IGBP, http://www.igbp.net/) an international research initiative from 1987–2015 to coordinate research on global- and regional-scale interactions between the Earth’s biological, chemical and physical processes and their interactions with human systems. Global Ocean Ecosystem Dynamics (GLOBEC) and IMBER were both marine research projects of IGBP, set up to complement their land and atmosphere projects.

3 As part of the IMBER-GLOBEC merger in 2010, ESSAS and CLIOTOP, moved to IMBER. The ICED science plan (2008), is a joint GLOBEC-IMBER document that defined the programme that became the ICED Regional Programme under IMBER/IMBeR. SIBER was initiated by IMBER at the request of Indian Ocean researchers who wished to continue the work undertaken during JGOFS.

4 The four themes were; 1. Interactions between biogeochemical cycles and marine food webs, 2. Sensitivity to global change, 3. Feedbacks to the Earth system and 4. Responses of society.

5 A fourth event is held bi-annually (China-Japan-Korea (CJK) symposiums) for which no records were available.

6 IMBIZO is the Zulu word for “a gathering.”

7 Early career researcher was defined as less than eight years after completion of their Ph.D. or masters degree. Note that early career professionals include students, whilst early career researcher is restricted to those who have completed a Ph.D. or Master degree.

8 Because the respondents were also co-authors no ethics approval was needed for the survey (see for instance also Norström, A. V., Cvitanovic, C., Löf, M. F., West, S., Wyborn, C., Balvanera, P., Bednarek, A. T., Bennett, E. M., Biggs, R., De Bremond, A., Campbell, B. M., Canadell, J. G., Carpenter, S. R., Folke, C., Fulton, E. A., Gaffney, O., Gelcich, S., Jouffray, J.-B., Leach, M., Le Tissier, M., Martín-López, B., Louder, E., Loutre, M.-F., Meadow, A. M., Nagendra, H., Payne, D., Peterson, G. D., Reyers, B., Scholes, R., Speranza, C. I., Spierenburg, M., Stafford-Smith, M., Tengö, M., Van Der Hel, S., Van Putten, I. and Österblom, H. (2020), “Principles for knowledge co-production in sustainability research,” Nature Sustainability Vol. 3, pp. 182–190.

9
https://www.marsocsci.net/

10
see https://www.frontiersin.org/research-topics/11540/solving-complex-ocean-challenges-through-interdisciplinary-research-advances-from-early-career-marin and Hobday, A. J., Arrizabalaga, H., Evans, K., Scales, K. L., Senina, I. and Weng, K. C. (2017), “International collaboration and comparative research on ocean top predators under CLIOTOP,” Deep Sea Research Part II: Topical Studies in Oceanography Vol. 140, pp. 1–8. and collaborative papers Van Putten, I., Boschetti, F., Ling, S. and Richards, S. A. (2019), “Perceptions of system-identity and regime shift for marine ecosystems,” ICES Journal of Marine Science Vol. 76, pp. 1736–1747.

11 In general reflection, a shortcoming of the informant survey was that respondents represented low geographic diversity (i.e., respondents were from mainly western countries). Because of this bias, we were not able to assess if the submissions from respondents were completely representative of views on the integration of natural and social sciences in the Regional Programmes, and future studies should investigate any geographical variation in views.
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The time-tested Indigenous fishing knowledge (IFK) of Fiji and the Pacific Islands is seriously threatened due to the commercialization of fishing, breakdown of traditional communal leadership and oral knowledge transmission systems, modern education, and the movement of the younger generations to urban areas for work and/or study. Consequently, IFK, which has been orally transmitted for generations, has either been lost, not learned by the current generation, or remains undocumented. This study focuses on the critical need to conserve and include IFK as a basis for assessing the conservation status of ecologically and culturally keystone fisheries species as a basis for planning site-specific management of marine and freshwater fisheries in Fiji and the Pacific Islands. The study reviews studies of the last two and a half centuries on IFK from Fiji and elsewhere in the small oceanic islands of the Pacific, as a basis for the conservation, documentation and intergenerational transfer of this knowledge as the foundation for sustainable fisheries management. The study also reviews: the nature and conservation status of IFK, itself; and the conservation status of species considered to be of particular ecological and cultural importance; reasons for the loss of species/taxa and associated knowledge and practices; and actions that can be taken to address this loss.
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INTRODUCTION

Indigenous fishing knowledge (IFK) has been fundamental to environmental, cultural and livelihood sustainability of Pacific peoples for millennia. This time-depth inter-generationally transmitted oral knowledge is, however, seriously threatened, its loss being seen as a major threat to the sustainable management of marine and freshwater fisheries resources in Fiji and the Pacific Islands (McNeely and Pitt, 1985; Johannes and Yeeting, 2000; Foale, 2006; Thaman et al., 2017). Living on islands, Pacific peoples not only adapted to their isolated environments but also developed knowledge system of fishing, based on their interaction with the marine and freshwater environments, knowledge which has been continuously refined over the generations as individual local experiences and knowledge are blended with the ancestral fishing knowledge and passed to the next generation (Veitayaki, 2002).

The loss of IFK throughout the Pacific has sparked calls over the last two decades to document this Indigenous knowledge before it is lost (Peter, 2000; Atu, 2005; Coates, 2005; Blakeney, 2011; Nakashima et al., 2012). One of the earliest written records on IFK was by Captain James Cook in 1769, when he described fishing and fishing gear of Tahiti (Cook, 1842; Mitchell, 1979; Novaczek et al., 2005). Since then, Western scholars have observed Indigenous fishing activities, and undertaken sporadic and sometimes systematic studies of IFK, fishing gear, and fishing events. Some of the early writings were at times trivial or inaccurate descriptions made from onboard vessels or in brief interactions with Pacific fishers (Boddam-Whetham, 1876; Nordhoff, 1930; Mitchell, 1979). While these initial observations were conducted through a Western lens, observers universally acknowledged the wealth and depth of IFK (Johannes, 1981; D'Arcy, 2006).

In 1930, Charles Nordhoff, an American journalist and author, wrote an extensive account of offshore fishing in Tahiti and challenged more'suitable' writers to study in detail the rich knowledge of indigenous fishing (Nordhoff, 1930; Hind, 2015). Nordhoff's challenge for IFK documentation was accepted through records of participatory observations, translations of Indigenous fishers' narratives, and oral histories of marine and freshwater resources and their use, applied scientific techniques, and IFK gender role studies. Many authors identified key species of pivotal cultural and ecological importance to Indigenous fishing communities (Johannes and Yeeting, 2000; Johannes et al., 2000; Veitayaki, 2002; Kronen and Vunisea, 2007; Thaman et al., 2017). Ecological keystone species have been variously defined as: species whose contribution to an environment is disproportionately larger than its population (Paine, 1969). Cultural keystone species (CSK) instead shape cultural identities and are key for acquisition of resource outside a territory (Garibaldi and Turner, 2004). Both types of keystone species vary over temporal and geographic scales, but cultural keystone species also vary over social scales. Ecological keystone species include top predators, high-trophic level herbivores, benthic cleaners and decomposers and aquatic plants, such as algae/seaweed and seagrasses, in both marine and freshwater environments (Terborgh, 1986; Power et al., 1996). Cultural keystone species include totems, chiefly foods, dietary staples, herbal plants and species of both high commercial, and subsistence importance or value (Bell et al., 1994; Charlton et al., 2016; Rabbitt et al., 2019).

Pacific IFK was transmitted orally and used by island fishers both for conservation and exploitation (Carrier, 1982; Ruddle et al., 1992; Lieber, 1994; Aburto et al., 2015). This review examines on how Pacific Island fishers perceive, exploit and protect their ecological and cultural keystone species by using IFK. It then explores ways in which IFK of the Pacific Islands has co-evolved with modern scientific knowledge (MSK) to build relevant synergies between IFK and MSK for informed community-based management and protection of the rich, but highly threatened marine and freshwater fisheries resources of the Pacific Islands. Three broad themes are explored here under which sub-topics are discussed: (1) comparisons between IFK and MSK and their generation and epistemologies, (2) threats globalization brings to IFK, and (3) how IFK can be used and supported to foster marine and freshwater conservation.



MATERIALS AND METHODS

This systematic review uses an explanatory social science study approach to analyze the three broad themes being explored for IFK in the Pacific Islands. The following questions were used to guide the literature review:

	1. What are the characteristics and depth of marine and freshwater fisheries IFK in Fiji and the Pacific Islands and the state of IFK and the conservation of ecological keystone and culturally very important species?
	2. What ecological, cultural and economic factors influence marine and freshwater IFK in Fiji and the Pacific Islands?
	3. What are the drivers of the loss and/or enrichment of IFK and of taxa considered to describe keystone species?
	4. What can be done locally and in collaboration with outside agencies, to protect or enrich marine and freshwater IFK in the Pacific Islands in the face of global environmental, social and economic changes.

The questions were answered in two phases. The first phase was to review literature available on a more global scale, which focused on traditional knowledge, indigenous fishing and other related themes. These sources were used to reflect the studies which have been conducted in this field and how the studies can be used in the Pacific Islands. The second phase involved separating the Pacific Island IFK literature from the global literature and narrowing it down to answer the questions and also the themes that are being explored. The documented IFK which was reviewed for the Pacific began in the 1700's with Captain James Cook's voyages, and include some of the up-to-date studies of Pacific Islands fisheries, such as the late Robert Johannes' classic study Words of the Lagoon (1981), an in-depth chronicle of the IFK of Palau; Hooper et al.'s work with Tokelau elders, Echoes at Fishermen's Rock, a traditional Tokelau Fishing (2012); Thaman, Balawa, and Fong's 2014 case study of the return of marine biodiversity to Vanua Navakavu, Fiji; and Thaman's IFK and MSK integration study Te ika o Tuvalu mo Tokelau - Fishes of Tuvalu and Tokelau (2015).


Data Sources

The literature for the content was found through an online search on SCOPUS, Web of Science, the University of the South Pacific Databases and Google Scholar, using key words (Indigenous fishing, traditional knowledge, keystone species, freshwater fisheries knowledge, local ecological knowledge) to identify the articles of relevance to the literature review. In addition, research was undertaken at the University of the South Pacific and the Fiji National Archives libraries. Furthermore, oral archives in the form of video documentaries were also reviewed from YouTube and TED Talks. The information collected was in English, Fijian, French, and German. The French and German information were translated through Google Translator and cross-checked with French and German-speaking colleagues. The literature used include peer-reviewed papers, books, reports and gray literature (theses). The outputs were saved as PDF files and the references were recorded on Zotero. The following Pacific Islands are the focus of this review: Cook Islands, Federated States of Micronesia (Kosrae and Yap), Fiji, French Polynesia (Society Islands included Tahiti, Tuamotus and Marquesas), Kiribati (included Caroline Islands), Marshall Islands, New Caledonia, Niue, Palau, Papua New Guinea, Rapa Nui, Samoa, Solomon Islands, Tonga, Tokelau, Tuvalu, and Vanuatu (Figure 1). The IFK from Hawaii, New Zealand and Australia were excluded in this review because they have a wealth of information already systematically documented and discussed as compared to those of the aforementioned Pacific Islands.
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FIGURE 1. Pacific Islands cited in this study and their maritime boundaries. Wal.&Fut. on the map represents Wallis and Futuna. Source: Flanders Marine Institute (2019).


IFK incorporates many terms which are used interchangeably depending on the context and sources. These include: traditional (ecological/environmental) knowledge (TK/TEK), local ecological knowledge (LEK), Indigenous and local knowledge (ILK), fisher knowledge (FK), Indigenous ecological knowledge (IEK), Indigenous skills, folk knowledge and ethnological science (Kunatuba, 1983; Berkes, 1993; Aswani and Hamilton, 2004; Veitayaki, 2005; Hamilton and Potuku, 2007; Rasalato et al., 2010; Hamilton et al., 2012; Thaman et al., 2013, 2014). Pacific Islanders of Fiji and other small Pacific islands prefer the term Indigenous in place of native, ethnic and landowners and, for this reason, we used IFK to indicate the knowledge that is unique to, and owned by, Indigenous fishers, both globally and in the Pacific.



Analysis

A total of 760 documents were identified through electronic, paper and oral archives and reviewed both for global and Pacific Island IFK. The documents were further narrowed to the Pacific using the following criteria: (1) Pacific Island centered research, (2) included Indigenous fishing or fisher knowledge, and (3) focused only on the selected islands from the Pacific (see PRISMA diagram in Figure 2). Once the duplicates were removed and other important yet unconnected research excluded, 459 documents were reviewed in-depth and only 148 were used as citations in this systematic review. The 148 documents cited in this paper are relevant for this systematic review because they gave concise examples to support arguments being discussed in line with the themes of the literature review.


[image: Flowchart detailing the identification and inclusion process for studies. Identification: 747 records from databases and 14 from registers; 33 duplicates removed. Screening: 728 records screened, 268 excluded, 312 not retrieved. Eligibility assessment: 218 reports assessed; reports excluded for being non-Pacific-centered (35), not including indigenous fishing/fishing knowledge (16), or focusing outside selected Pacific Islands (19). Included: 98 studies and 50 reports.]
FIGURE 2. PRISMA flow chart of this systematic review according to Page et al. (2021).





RESULTS AND DISCUSSION


Comparisons Between IFK and MSK and Their Generation and Epistemologies


History of IFK Documentation

The review identified four waves of IFK documentation by both foreigners and Pacific Islanders from the 19 Pacific Island Countries and Territories (PICTs) covered in the study. These included: (1) personal observations; (2) taxonomic classifications; (3) ethnography and natural history, and (4) synergies between IFK and MSK (Figure 3). The four documentation waves are grouped according to the writers documenting the knowledge and the observation and the type of information they noted. The first wave of documentation (1769–1889), consisted of the writings by sailors, explorers, Western naturalist, and missionaries in the form of letters, journals and anecdotes describing fishing on the islands they visited (Hawkesworth, 1773; Murray, 1827; Bennett, 1831; Lucatt, 1851; Seemann, 1862; Pritchard, 1866; Boddam-Whetham, 1876).


[image: Timeline graphic showing four waves of observation from 1769 to 2021. The waves are: 1st, "Personal observations" (1769-1889), with a focus on sailors and missionaries documenting Pacific findings; 2nd, "Taxonomic classifications" (1889-1909), with naturalists categorizing marine species; 3rd, "Ethnography and Natural History" (1909-1959), involving missionaries and archaeologists recording Pacific Island traditions; and 4th, "IFK & WSK" (1959-2021), featuring scientists and historians researching local knowledge and marriage practices. Documents range from letters to academic publications.]
FIGURE 3. Progression of the four waves of indigenous fisher knowledge documentation in Fiji and other Pacific Islands.


The second wave (1889–1909) features taxonomic classification and descriptions of marine and freshwater species and detailed descriptions of target species important to fishing communities (such as finfish, turtles, shellfish, and other invertebrates). Also included are the fishing techniques observed such as the communal fish drives and the use of plant as fish poison and stupefacient (Gardiner, 1898; Lambert, 1900; Woodworth, 1903; Anonymous, 1904).

Wave three (1910–1959) focused on details of fishing methods and gears, those who fish (groups or individuals), the target species and when they fish (time of day, diurnal movement, lunar or solar cycles, and seasonality), where they fish (locality), and why they fish (fishing for subsistence or other reasons). Also covered in this category are reports of how the fishing is done (gear, methods, and techniques; Ariki-tara and Smith, 1920; Nordhoff, 1930; Legand, 1950; Phillipps, 1953; Birket-Smith, 1956; Catala, 1957; McCoy, 1974).

The fourth and current wave (1960 – present day) delivers systematic documentation, investigation and the marriage and/or comparison of IFK with MSK, which acknowledge the local people's in-depth understanding and knowledge of their environment and resources. These reports offer better use and management approaches for the overexploited resources, and document the fast-eroding IFK of the islands (Johannes, 1981; Calamia, 1999; Johannes and Yeeting, 2000; Johannes et al., 2000; Aswani and Hamilton, 2004; Veitayaki, 2008; Hamilton et al., 2012; Thaman et al., 2017).



Characteristics of IFK in the Marine and Freshwater Fisheries of Pacific Islands

Pacific Islanders rely heavily on their marine and freshwater fisheries resources as among their main sources of protein and income (Johannes, 1981, 1987; Lieber, 1994; Rabbitt et al., 2019). Pacific Island fishing grounds can be classified into three categories; (i) inland—including rivers, streams, lakes, and ponds; (ii) nearshore—intertidal flats, mangrove areas, estuarine habitats, seagrass beds, lagoons, and reef areas, and (iii) offshore - the deep sea (outer reef areas and open ocean; Dalzell et al., 1991; Gillett, 2011; Quinn, 2011). Fishing location influences the type of gear and/or bait used during fishing and the type of resource harvested. Before fishers go out fishing, they take into account the geographic and environmental factors which can influence their catch (Johannes, 1981; Kunatuba, 1983; Veitayaki, 2002). Subsistence fisheries' in the Pacific Islands primarily target finfish, bivalves, gastropod and cephalopod mollusks, crustaceans, other invertebrates, mammals (whales, dolphins, and dugongs), and marine and freshwater plants, especially seaweeds (macroalgae) (Supplementary Table 1). Some of these species are potentially keystone species because their contribution to the Pacific Islands' fishing communities is disproportionately larger than the species abundance and sometimes, are most sought-after because of their value or their relative abundance. High value species are amongst the most exploited species in the Pacific Islands due to poverty and the need for cash, which leads to overfishing and unsustainable use of marine and freshwater fisheries resources (Thaman, 2002; Mangubhai et al., 2016).

Indigenous fishers developed their own traditional taxonomic classification systems for marine and freshwater resources spanning thousands of years of daily in-the-field contact and experiences with their environment (Des Rochers, 1992; Johannes et al., 2000; D'Arcy, 2006). These local classification systems, which have been preserved over millennia through intergenerational exchange in local Pacific languages, are under serious threat with the loss of local language and the overdependence on urban education by the younger generations (Thaman, 2002; Hooper, 2005). Local classification systems have taxonomic/nomenclatural systems in place for most of these organisms or groups of organisms, and their life histories, seasonality, morphology or color of certain species, including multiple names for different growth stages (Kennedy, 1929; Morgan, 1999; Takekawa, 2000; Thaman et al., 2008). Species are commonly differentiated according to their value to the fishing communities. Important species under the same taxonomic designation are identified through local taxonomy to the species level, such as the smooth tailed trevally (Selaroides leptolepis) or the purse eyed scad (Selar crumenophthalmus) (Foale, 1998). In Tonga, hawksbill turtles (Eretmochelys imbricata) are referred to as fonu koloa, and green turtles (Chelonia mydas) as tu'a'uli; although, turtles are also named according to their sex, size and color. For example, male turtles are called ika ta'ane or hulemui, the female immature turtles are called tu'apolata, tu'akuia, aleifua or tufonu, depending on their size and color (Pritchard, 1981; Havea and MacKay, 2009). In some places, species of low economic importance or use are commonly classed together under the generic name; for example, all damselfishes (Pomacentridae) are referred to as guru in Vanua Navakavu, Fiji, despite the fact that one species of gregory (Stegastes sp.) is the fish totem (i cavuti) of one of the chiefly clans (Thaman et al., 2008). In Fiji, Tokelau, Tuvalu and most of Polynesia, ika, i'a or a close cognate is a generic term used for finfishes (Ono and Addison, 2009; Thaman, 2016).

In Palau, the milkfish (Chanos chanos) is called chaol when small and found in brackish mangrove ponds, and when it matures and moves to the reef to live on the sandy bottoms, it is called mesekelat (Johannes, 1981). In Vanua Navakavu, Fiji, Thaman et al. (2008) reported that the spotted herring (Herklothichthys quadrimaculatus) is called daniva when it is small, and vaya when it is larger; similarly, batfishes (Platax spp.) are called laca when small and bati bulukovu when of adult size (Thaman et al., 2008). In Tuvalu, the oilfish (Ruvettus pretiosus) is named according to its color; for example, the palu malau is described as deep pink merging into white, while the palu kuakua is iridescent-blue on its back and has a silvery white belly (Kennedy, 1929). Locals along three of Fiji's largest rivers, namely Ba, Dreketi and Rewa, refer to small-size sharks as bulubulu, while baby sharks are called mata bulubulu. The general term for sharks in Fiji is qio (Rasalato et al., 2010). Sometimes, species are identified according to their shape; for example, the guitarfish (Rhynchobatus sp.) is called qio uluvai, which literally translates into a shark (qio) with a ray (vai) head (ulu) (Thaman et al., 2008). On Fanalei in the Solomon Islands, Indigenous fishers can identify species of dolphins according to their teeth (Takekawa, 2000).

Throughout the Pacific, there is a two-fold conservation ethic, which at times co-exists in a single community—one where some fishers are aware of their resource limitations, and the other, where the fishers believe their resources to be inexhaustible. This 2-fold conservation ethics co-existence is discussed by Sabetian and Foale (2006b), where their survey results from Milne Bay, PNG, showed one fisher believed sharks, finfish and sea cucumbers were limited, while the rest of the fishers believed their resources were inexhaustible. Some authors used customary management systems in the Pacific to discuss the conservation ethics of the Pacific. Customary management systems which existed in the Pacific include: no fishing during spawning, mating seasons and after the death of a chief; restrictions on access to some fishing areas, size to be taken and who can consume certain marine resources; freeing some of the catch; and observing marine tenure systems and requirements (Johannes, 1978; Ruddle et al., 1992; Aburto et al., 2015). These measures were used in places where the fishers regard their resources limited and also to accumulate resources for a future feast (Polunin, 1984; Foale et al., 2011). Gear restrictions were not part of traditional management systems because the traditional gear developed by the island fishers such as the fish gorges were created to allow the people to catch only what they needed (Toganivalu and Beauclerc, 1917; Johannes, 1978). According to Foale et al. (2011), customary management systems in Melanesia existed for managing social relationships instead of sustainable food security, their argument challenging the generalization about the presence of customary management systems in the Pacific as a tool for sustainable fisheries as presented by Johannes (1978). In contrast, where fishers believed their resources unlimited, exploitation was widespread as they used their IFK to locate and harvest resources without restraint. In Tikopia, Solomon Islands, fishers use various methods to capture fish, regardless of the unsustainability of the method, because unlike land, the sea was not owned by anyone (Firth, 1965). A similar unsustainable scenario was reported in Tokelau, where turtle fishing season coincided with the turtle mating season because fishers preferred to capture sea turtles in pairs (Ono and Addison, 2009).

Small traditional markets offered little commercial incentive for fishing of commercially valuable taxa, while colonization and the more recent commercialization of nearshore fisheries resources in the Pacific (1870–1970's), ushered in the introduction of a monetary economy, modern fishing legislations and practices, and the breakdown of traditional authority. Collectively, this contributed to the collapse of the pre-colonial traditional management systems and led to overfishing in many areas (Johannes, 1978; Aburto et al., 2015). The “traditional management system pause,” saw the early post-colonial heavy exploitation of high value resources/products such as bêche-de-mer, pearl oysters, gastropods (tritons, turban shells, and conch shells), whales, shark fins, and tortoise shell. These changes led to the overexploitation of these resources in some areas and the reduced species population sizes across the Pacific Islands (Kunatuba, 1983; Mangubhai et al., 2016; Jino et al., 2018). Such a trend led to the associated loss of time-depth fishing and taxonomic knowledge among younger generations who were no longer familiar with the names and associated taxonomies of extirpated species (Thaman et al., 2013, 2014). After experiencing heavy losses in marine and freshwater biodiversity, traditional management systems as well as modern management interventions, which include size limits, gear bans and the implementation of no fishing zones (Johannes, 1978, 2002; Sabetian and Foale, 2006a; Solomona and Vuki, 2012; Aburto et al., 2015) increasingly have been employed in many Pacific Islands.




Threats Globalization Brings to IFK


Temporal, Generational and Gender Roles

Elder fishers believed that “everything has its own time” (Hickey, 2006, p. 14), therefore the fishing methods they used corresponded with the seasons, weather, diurnal, lunar and tidal cycles, as well as the surface conditions. Such knowledge was traditionally acquired from the elders and personal observations and experiences, and was shared in the community through in-the-field or on-the-water experience (Nordhoff, 1930; Groves, 1936; Turbott, 1950; Johannes, 1981; Aswani and Hamilton, 2004; Herdrich and Armstrong, 2008; Veitayaki, 2008). In Pacific Island communities, the oral transmission of IFK between generations was from the elder generation (knowledge bearers) to younger generations (knowledge receivers). IFK in the Pacific is guarded in some countries and is only shared orally with a selected few (Resture, 2001; Foale, 2006; Lefale, 2010). Knowledge on sidereal calendars, lunar calendars and natural phenomena, such as the fruiting of particular plants or swarming of insects or fish larvae, is tightly guarded by elders who feared their knowledge would be lost or shared with the unworthy (Johannes, 1981; Takeda and Mad, 1996; Mondragón, 2004; Hooper et al., 2012). During fishing activities, older fishers, who are highly skilled and knowledgeable with strong leadership qualities, were in charge and responsible for designating roles to the younger fishers (Lieber, 1994; Herdrich and Armstrong, 2008; Ono and Addison, 2009). Older fishers also shared knowledge, advised or demonstrated techniques with the younger fishers while fishing, thus transmitting their knowledge through hands-on, in-the-field experiences. Keeping IFK and fishing skills alive comes down to the individuals who receive the knowledge and are taught the skills, and their interest in keeping the practices alive (Balick, 2009).

Early documentation describes men, women and children all playing important roles in fishing and being involved in different aspects of fishing and engaged in fishing activities (Boddam-Whetham, 1876; Aitken, 1930; Matthews, 1991a; Malm, 2009a; Rabbitt et al., 2019). According to ethnologists, men at the time of early contact usually fished offshore, while women and children fished closer to the shore, commonly gleaning along the coasts at low tide. In addition to accessible resources, women and children were kept closer to the villages during pre-contact period for their protection from raiding and warfare (Carrier, 1982), and in some instances, like in Tonga and Niue, due to a superstitious belief that the sea was a jealous woman who would not give up her resources if another woman was on the fishing boat out at sea (Ryan, 1981; Benguigui, 1988; Malm, 2009b). Some ethnologists even refer to women's fishing as a recreational and bonding activity for younger and older women (O'Brien et al., 1984) until the 1990s (Matthews, 1991b; Des Rochers, 1992; Malm, 2009a; Hooper et al., 2012; Rabbitt et al., 2019). While this may have been true for the areas they observed, it does not fit all the Pacific Islands. For example, in Kosrae and Papua New Guinea, men preferred to go to the forests to farm while the women went out fishing (Carrier, 1982; Abraham and Lambeth, 2001). In parts of Fiji (such as Gau Island and in the Lau group), Samoa, and Wallis and Futuna, women were/are the main fishers, contributing the greatest commercial and subsistence catch, often in the form of shellfish or smaller fish for household consumption (Vuki et al., 1992; Tiraa-Passfield, 1996; Levine and Sauafea-Le'au, 2013).

Decision making in most areas is still dominated by men, especially when setting up taboo areas, fishing restrictions and protected areas, where fishing is banned or managed in areas where most subsistence resources is caught, commonly by women. As a result of this style of decision making and the “culture of silence” in the Pacific, where women and children are not included in decision making, fishing activities of the women, children and the elderly, who usually have access to the nearby shallow fishing areas (Johannes, 2002; Vunisea, 2016) would lose their fishing location. In many communities, men went fishing and brought their catch back, after which the women were responsible for post-harvest activities such as cleaning, marketing, processing or cooking the catch on behalf of their families (Toganivalu and Beauclerc, 1915). Again, there are places where things have changed. For example, men of Arorangi village in Rarotonga, Cook Islands, used to go out on canoes for trolling, fishing with nets, hand lining and spearing, while women collected delicacies within the reef. Today, fishing in this village has changed as women have taken up the fishing methods which only the men of the village used to do because of the modernization of fishing technology and tools (Solomona and Vuki, 2012).



Fishing Technology, Methods and Techniques

Indigenous Pacific Island fishing technology reflected the intimate understanding of the aquatic food resources and their environments (Veitayaki, 2005). This is evident from the various ingenious traditional fishing methods and techniques reported throughout the Pacific that testifies to the people's in-depth understanding of their natural world and how it works. This knowledge allowed the people to efficiently manipulate the environment and the species they have (Brewster, 1922; Johannes, 1981; Mokoroa, 1981; Herdrich and Armstrong, 2008; Buga and Vuki, 2012; Basily and Vuki, 2014). Von Brandt globally described 16 fishing methods (Gabriel and Brandt, 2005) while the FAO International Standard Statistical Classification of Fishing Gear ISSCFG Rev. 1, 2013 classifies fishing gear into 12 classes. The Von Brandt's fishing methods were grouped according to the gear used, while the ISSCFG gear was classified according to their structure (Gabriel and Brandt, 2005; FAO, 2016). Traditional Pacific Island fishing methods are classified into nine categories, similar to Von Brandt, according to the gear used (Figure 4). The main fishing methods are: (1) hand collection or reef gleaning, (2) net fishing, (3) spear fishing, (4) hook and line, (5) group fishing, (6) fish poisoning, (7) trap fishing, (8) specialized targeted-species fishing, and (9) other fishing methods. Some of the methods described by Von Brandt were not used in traditional fishing in the Pacific. While some of the methods involve the use of more than one type of gear, overlap in the classification occurs here, and although methods remain similar throughout the Pacific, the actual techniques for catching or handpicking resources varies across the Pacific for both freshwater and marine areas. Early writers described fishing technology and gear, which made use of plants, shells and bones, as hooks, lures, bait or fish poisons (Toganivalu and Beauclerc, 1917; Kennedy, 1929; Nordhoff, 1930; Turbott, 1950; Davidson et al., 1998), with fishing boats, poles, canoes and sails made from native trees and plants. Alexander (1902) described fishing gear from all across the Pacific, along with the methods through which they were employed. Deane (1910) described women from Fiji making nets by using natural materials made of coconut fiber which was sewn together using the wing bone of the long-tailed fruit bat (Notopteris macdonaldii) as a needle and yaka wood (Dacrydium nidilum) for the net handles.


[image: Flowchart titled "Fishing Methods of the Pacific Island Countries" categorizes methods into hand collection, trap fishing, net fishing, poison fishing, hook and line, target species, group fishing, spear fishing, and other methods. Each category details specific techniques, gear used, and resources harvested, such as crustaceans, fish species, and marine mammals. The chart outlines traditional and specialized practices in Pacific Island communities.]
FIGURE 4. Fishing methods, techniques and fishing gear of Fiji and other Pacific Islands.


Many of the fishing techniques have become redundant with the introduction of more efficient fishing gear. For example, in the Marovo Lagoon in the Solomon Islands, teams of fishers traditionally used to carry pole and lines with pearl shells or turtle shell lures to catch tuna in the open sea, which is today replaced by trolling for tuna from an outboard motor vessel and using commercially-made lures or steel hooks (Hviding, 1996). In Sukiki Village on Guadalcanal in the Solomon Islands, where resources were limited, fishers developed fishing gear made of woven spider web, and fishing lines with termites attached to the end of vines to catch drummer fish (Atu, 2005). This traditional fishing gear has been replaced by fishing nets and spears, which inevitably has led to the loss of a cultural heritage. Traditional canoes, which used to be constructed by fishers from native trees, are replaced by motorized outboard fiberglass, aluminum or marine plywood boats, which allow fishers to travel further afield from their traditional fishing areas. Torches made from burning coconut fronds for night fishing are today replaced by battery-powered torches, which can either be used from a boat or taken underwater by a diver (Mokoroa, 1981; Abraham and Lambeth, 2001). Moreover, in Fiji, the fishing gear used to capture sea turtles changed as they interacted with their Tongan neighbors who introduced more efficient turtle capture methods (Tippett, 1968).

Baits used for fishing are also important, and often kept secret by fishers. Baits used spanned from small fishes (e.g., silversides, herrings, sprats, goatfishes, mackerels and mullets), to invertebrates (e.g., crustaceans, such as hermit crabs, fiddler crabs and other live crab; gastropods, such as cowries), and plants (such as seaweeds and coconut meat; Dye, 1983; Abraham and Lambeth, 2001; Vunisea, 2004; Thaman, 2016). Some baits were specifically used to passively attract a particular target species; for example, cowries and pearls were used as lures to attract octopuses, while bonito finfish and coconut meat were used to attract coconut crabs (Birgus latro).

Group or communal fishing where the community is involved in fish drives or leaf sweeps is common across the Pacific Islands. This method requires long hours of preparation of coconut fronds or other plants to make the ropes or leaf-sweep nets, and usually requires commitment from an entire fishing community, with the exclusion of pregnant women and of those community members who broke the taboos set before the fishing activity (Veitayaki, 1990; Vunisea, 2004). On Ponam Island in Papua New Guinea, fishing crews gather in silence and get help from community members to load the canoes with their fishing gear. Once the fishing crews go out to the designated fishing area, the rest of the community goes back to the beach to wait for the crew, who upon returning with their net catch, pass the nets to young men, boys or girls who will carry the fish catch to the shore. The catch is then taken to the house of the man who controlled the fishing expedition, and there the men, women and children gut and cook the fish that will later be served by the women to the fishermen (Carrier, 1982). Some fishing methods involve only the men or women. In Lakeba, in Fiji, women perform a traditional fishing method known as vono where a group of four women go out into the lagoon and set up their reef markers at low tide, glean and set up a temporary trap during high tide, and then finally enclose the fish in their trap at low tide and catch them (Kronen, 2002a). On Ahamb Island in Vanuatu, at least five males go out on turtle drives, which are done during full moon during the highest spring tide, performed by the men diving into the water to capture the turtles (Obed and Vuki, 2014).

In some cases, fishing techniques used were named after the target species. For example, “shark noosing” is the name of a technique used in most Polynesian Countries, where the sharks are attracted using a rattle and bait, then are caught by a noose slipped between the gills and the dorsal fin. The catch is then hauled into the boat and killed (Vaea and Straatmans, 1954; Johannes, 1981; Dye, 1983; Veitayaki, 1990). Flying fish netting, called fai isave in Vaitupu, Tuvalu, is where flying fish are caught in a special dip net called tae (Turbott, 1950). Hand collection methods or gleaning involve complicated methods and a keen eye where the fisher is able to identify where the target species is hiding; for example, feet are used to feel resources like ark clams (Anadara spp.) hiding in the marine muddy bottoms (Abraham and Lambeth, 2001). This is commonly done along tidal flats and in the mangrove areas during low tide, and is predominantly done by women, children and older fishers who cannot travel far to fish. Some traditional fishing practices are environmentally destructive, such as plant-based fish poisons, (e.g., derris root, a source of rotenone), which are used to stun and stupefy fishes, also kills or negatively affects other organisms in the fishing area, including corals, and fish drives often damage coral growth as many people trample on them (Barrau, 1955; Basily and Vuki, 2014).

Environmental factors (Table 1) strongly influence the technology fishers use, and this in turn affects the type of fishing activity. IFK's dynamic nature allows the knowledge bearer to receive orally-passed knowledge and hands-on skills, are enriched with their own personal fishing experiences and observations, which are in turn passed on to succeeding generations (Akimichi, 1978; Berkes, 1993). Octopus fishing was done by women on Rapa Nui, who wade into the sea at night during low tide (Ayres, 1979). The women conduct the fishing at night time, given the appropriate phase of the Moon and armed with spears and buckets or baskets. In most places, the flowering of specific plants signify abundance or aggregation of resources, such as the flowering of gasau (Pacific Island silvergrass, Miscanthus floridus), which signifies reef fish abundance in Fiji and is the “month” or season of Vula i Gasau in the traditional Fijian calendar (Veitayaki, 2002), the flowering of the same plant signifying the aggregation of gravid reef fishes in Vanuatu (Hickey, 2006). In the Solomon Islands, fishers correlated the moon phases with spawning aggregations of three grouper species (Hamilton et al., 2012); and in the Caroline Islands and Kiribati in Micronesia, fishers believed that an overcast sky and light rain during the day signaled good conditions for cast netting (Takeda and Mad, 1996).


Table 1. Environmental factors, which influence indigenous fishing decisions on the type of gear, fishing methods and techniques which they use on a given fishing expedition, in Fiji and other Pacific Islands.

[image: Table listing countries, environmental factors, and references. Fiji's factors include wind, tidal movement, and yam season, with references by Kunatuba (1983) and Veitayaki (2002). Kiribati's include lunar cycle and wind, referenced by Tebano and Tabe (1993). New Caledonia's factors are current movement and flowering cycles, referenced by Teulières (1988). Other countries listed are Papua New Guinea, Samoa, Cook Islands, Solomon Islands, Tokelau, Tonga, Tuvalu, and Vanuatu, each noting specific environmental factors and multiple references from various years.]

Indigenous fishing culture also extends to seabirds, which are important indicators for environmental conditions suitable for fishing, and show where schools of fish are present. In Tahiti, a tautai (lead fisherman) determines when albacore tuna was catchable by the sighting of the swooping behavior of a species of sea tern (Nordhoff, 1930; Johannes and Hviding, 2000). Frigate birds, terns and noddies usually feed on baitfishes chased to the surface by tunas, mahimahi or other large fishes, with the presence of seabird feeding behavior being used by the fishers to locate fish aggregations (Kennedy, 1929). In addition, fishers also used their nets to catch some of the seabirds for their sustenance. Seabirds such as the sooty terns, red footed boobies, and frigate birds and their eggs, are important parts of cultural diets in Tongareva, Cook Islands (Passfield, 1997). Traditional sailors also use birds as guides to show them where land is located by observing the direction in which they fly in the daytime as birds fly out to sea in the mornings, and return to the land in the afternoons or early evenings (Lewis, 1972).




How IFK Can Be Used and Supported to Foster Marine and Freshwater Conservation?


Conservation Status of Marine and Freshwater IFK in the Pacific Islands

Collating the rich information provided by IFK across the Pacific is a mammoth task, and a difficult one because some facts are already forgotten, or are protectively guarded, or simply by now only vaguely remembered (Routledge and Routledge, 1917; Johannes, 1981). In most of the Melanesia Countries, most of the fish names are never been written down, nor have they been included in any dictionary. To make things even more difficult, the Indigenous fish names are rarely associated with the corresponding scientific name. In addition, some fishing practices, ceremonial practices and beliefs passed down orally, are no longer practiced. For instance, in Samoa and Fiji, those going out to harvest palolo worms (Palolo viridis), would “style up” as if they are going to a party, and fish with fine clothes and home-made garlands made of strong scented flowers (Levine and Sauafea-Le'au, 2013, p. 400).

Nomenclatural systems in the Pacific Islands have also undergone severe intergenerational change and loss due to the lack of interest in learning and sharing them, lack of and reduced interaction with the elders, and an overemphasis on Western schooling. This change is evident in the loss of IFK such as the fish names, names of stars, moon phases and the characteristic features of seasons and periods that the older fishers used (Johannes, 1981; Allen et al., 2001; Furusawa, 2009; Horley, 2011; Thaman et al., 2017). In addition, the promotion of artisanal and commercial fishing in the beginning of the 1960's, made the IFK knowledge bearers regard their skills and knowledge inferior or devalued compared to the “new” (Western) knowledge (Horley, 2011; Thaman et al., 2013, 2014). This trend and perception echoes the urgent need for the documentation of IFK as a basis for building synergies with MSK (Thaman et al., 2013).

IFK can also be lost in translations, particularly when documented by non-native speakers or by an urbanized local person who does not understand the cultural, ecological and historical contexts of the knowledge; something that can be partially overcome using documentary videos and voice over recordings of elder fishers' interviews. Given the improved awareness on the value and loss of IFK, there has been a marked increase in the number of young scientists involved in recording and applying the knowledge of their elders and incorporate these into fisheries management (Nakashima et al., 2012; Carlson, 2017). Creating new information, which can be used for improving and making effective local area management plans (Table 2) can be a welcomed development. Aswani et al. (2017) called for more studies into the dynamics of marine resource use in Fiji, Solomon Islands, and Vanuatu to increase the effectiveness of existing marine resource management programs. Golden et al. (2014) acknowledged the necessary integration of natural history and fisher knowledge as a basis for effective community-based management in Fiji. Hamilton et al. (2012) combined local knowledge of fish spawning aggregations with creel surveys to develop appropriate community-based management for three grouper species in Roviana Lagoon in the Solomon Islands. Finally, Thaman et al. (2017) collated a decade worth of Indigenous local knowledge to assess overfishing, marine biodiversity loss and the success of marine conservation in Vanua Navakavu's locally managed marine area (LMMA) in Fiji. One particularly successful example of IFK-MSK integration are the LMMAs in Fiji. These areas are set up using the traditional knowledge of fishers merged with modern science to better manage the fisheries resources at the grassroots level. A portion of the fishing grounds is usually set aside as a no-fishing zone to safeguard the future sustainability of fisheries resources (Tawake et al., 2001, 2004; Veitayaki et al., 2003). Today, the Fijian network is made up of over 400 LMMAs, which not only focus on management but also on raising awareness, informing policies, and sharing information at the national and international levels (Jupiter et al., 2014). The success of each area in the network is measured by the health of the ecosystem, habitats and species, along with the reduction of threats and the well-being of people who use the resources (Tawake and Tuivanuavou, 2004).


Table 2. Marriage of indigenous fisher knowledge and modern scientific knowledge: examples from literature on Fiji and other Pacific Islands Pacific Islands.

[image: Table listing study focuses related to ecology, physical environment, language and marine cognition, and resource management across various Pacific Islands. Each focus links specific islands such as Fiji (FJ), Kiribati (KI), and others, with corresponding references by authors like Loeb and Johannes.]



Limitations of IFK Documentation and IFK Threatened Status

Some two and a half centuries of documented (written, video recorded and voice recorded) IFK shows that, although the same locations are commonly revisited, thus adding to the time-depth IFK documentation of that site, this often isolates other equally important fishing communities whose IFK is location-specific and who need their own IFK blended with MSK. Moreover, in-depth documentation does not reflect how universally successful or unsuccessful conservation and management strategies are when communities are not involved. Another limitation is that information is commonly lost in translation of species' local names, which can be improved by including knowledgeable local groups as taxonomists and translators for IFK recording in Pacific communities. The documentation of culturally very important species and keystone species in the Pacific Islands and their significance is lacking, although it is very important for policy makers who formulate policies that will affect access to the cultural keystone species by those communities that value them. There should be initiatives to promote community-based studies on cultural keystone marine and freshwater resources, and associated IFK in all Pacific Island communities to strengthen and enrich appropriate MSK. Customary fisheries management systems that are complementary to the national management systems and can serve as examples of “best practice” that can be more universally applied should be publicized. Ironically, IFK in the Pacific Islands is seriously threatened by factors (Table 3), that are directly or indirectly related to the commercialization of fishing, breakdown of communal living and overemphasis on urban education. Some of the IFK now seriously threatened include nomenclature systems (endangered/extinct), traditional fishing gear making and use (rare), traditional fishing methods and techniques (endangered/extinct), knowledge of customary fishing calendars (endangered), and the knowledge of marine and freshwater species biology and behavior (rare). While these components of IFK are threatened, there is still time to protect the knowledge base along with the resources linked to the knowledge.


Table 3. Summary of conservation status of marine and freshwater indigenous fisher knowledge (IFK) in Fiji and other Pacific Islands, drivers of loss and suggestions for conservation enrichment.

[image: A table titled "IFK" displays various categories: "Nomenclature systems," "Traditional fishing gear," "Traditional fishing methods and techniques," "Customary fishing calendars," and "Marine and freshwater resource biology and behavior," with statuses like "EN," "EX," and "R." Each category lists drivers of loss, such as language loss, and suggestions for conservation enrichment, like documenting elder fishers' species descriptions. The bottom note clarifies "IFK" status: EN (Endangered), EX (Extirpated), R (Rare).]



Threats to IFK and Recommendations of Its Conservation

Nomenclature systems are important because they include the knowledge of classifying important target species according their growth stages. More importantly, because of the fishers' daily contact with resources, nomenclature systems can help them identify the species that are being exploited at different life stages. This system is threatened with the loss of language and the elders' inability to pass on the knowledge to the next generation due to the distance created between the elders and the young generation as a consequence of urban education. Moreover, the commercialization of fisheries has influenced the fishers to focus on the commercialized species while excluding the knowledge of other equally important subsistence species and their local names. Nomenclature systems can be studied if protected and promoted through educational activities, which entices the younger generation in their urban schools to document their elders' fishing knowledge. This can be accomplished through special marine and freshwater documenting projects and the registration of local species names. Using visual media to document the elders during their storytelling and sharing of nomenclature systems is important because information would not be lost through translation.

Traditional gear use and traditional fishing-gear making skills are seriously threatened throughout the Pacific and have become redundant because introduced gear is more efficient, which makes it more attractive but damaging to the fisheries. Pacific fishing gear is both sustainable and unsustainable, which can be useful as we try to formulate contemporary fisheries management arrangements. Traditional fishing gear such as large mesh sized nets allow the younger and smaller species to escape and grow, which aids sustainability while other techniques such as the use of fish poisons kills both target and non-target species that threatens the fisheries and the environment. Some authors describe the knowledge and skill loss as a pity and hoped that the ingenuity of traditional fishing-gear making can be maintained in the community to assist us to improve some fishing gears to better suit the areas they are used for and help bring about more suitable and sustainable fishing gear.

Traditional fishing methods and techniques are either threatened, endangered or have disappeared in many areas of the Pacific because of the lack of interest in fishing among youths in both rural and urban areas, urban drift, modern education and the increasing availability of marine and freshwater fish products in urban markets. The three main types of fishers in the Pacific are subsistence fishers, artisanal commercial fishers and recreational fishers. Fishing is a means of daily sustenance in the islands so some fishers' traditional knowledge and techniques may still be intact. However, those that fish commercially, focus more on obtaining resources faster and more efficiently, therefore increasingly using more modern fishing techniques at the expense of traditional methods and knowledge. Traditional fishing methods and techniques in the Pacific are similar and reflect the unique environment and aquatic resources harvested in different places. Documenting these methods and techniques on paper and visually is important for the protection of these knowledge and skills. Fishers who use the plants to inform them of the fishing seasons are being confused as climate change is disrupting the natural flowering/fruiting seasons of these plants. The customary fishing calendars can be updated to reflect present local conditions, which are changing. Passing this knowledge to the next generation must be made more interesting and organic in ways that will involve people, particularly the children and youth, in all parts of the country.

Finally, the knowledge of marine and freshwater species' behavior is an important part of Pacific IFK because it informs fishers where to fish, how to fish and on fish abundance. This knowledge-base is rare, only retained by the most proficient fishers and elders as shown by Hooper et al. (2012), and is threatened because of the lack of interest in these fishing stories from majority of the younger generations. While IFK on species behavior is invaluable to Pacific fishers, proper documentation of this knowledge and its marriage with MSK can help in the protection of this knowledge. Examples of knowledge on fish behavior is documented by Hooper et al. (2012) from Tokelau and Johannes (1981) from Palau. Moreover, because the knowledge is localized, developing it further using scientific information may help incorporate this knowledge as a basis for localized policies and sustainable resource use management plans in the future. An example of this IFK and scientific knowledge marriage is shown by Hamilton et al. (2012) on grouper spawning season in Roviana Lagoon, where local knowledge was used to fill data gaps of science. Other examples are shown in Ruddle et al. (1992), Hamilton and Potuku (2007), Hamilton et al. (2012), Thaman et al. (2014) and Johannes and Neis (2007), which carefully collect, evaluate and validate IFK while respecting the cultural sensitivity and confidentiality of the knowledge. Additionally, temporal information older fishers have can identify species which are locally extinct, especially food fish which were heavily targeted during communal fishing, such as the bumphead parrotfish (Bolbometapon muricatus) from some Lau Islands, Fiji (Dulvy and Polunin, 2004; Haggan et al., 2007).

Several countries in the Pacific have recognized the loss of IFK as serious and have implemented initiatives to document their knowledge before it is entirely lost (Léopold et al., 2011; Hooper et al., 2012; Thornton and Scheer, 2012). Educational activities on fishing knowledge and skills aimed at bringing together the younger generation, and their elders can help reconstruct this broken bridge and help keeping IFK alive, meaningful and useful. Further exacerbating the loss of knowledge is the increasing use of widely available internet access, television and other modern media, which further isolates youth from older generations of fishers. Yet, these modern communication tools can also be used to document and disseminate IFK and relevant MSK, as a basis for building synergies in a rapidly changing, and increasingly threatened Pacific fishery. IFK is invaluable to the Pacific and even if it does not support MSK today, fishers throughout the Pacific will still use their IFK while fishing in their marine/freshwater environments.

Moreover, creating awareness on the value of IFK is one of the ways to counter its loss. This awareness needs to go both ways—for people in the communities to know and understand the knowledge and for those who wish to help communities in their sustainability efforts, to understand the context of resource use. The reason this awareness is important when merged into resource management initiatives is because it creates a sense of ownership for the initiatives introduced into the community from outside, and it may guarantee that communities develop it further as they use their own IFK and resources to run the management initiative.





CONCLUSION

To protect their IFK, elder fishers across the Pacific are slowly opening up to allow the proper documenting of their IFK through questionnaires and in-depth interviews, voice-recorded interviews and video documentaries. Although an intergenerational gap remains between IFK holders and the younger generation, there is an urgent need to increase awareness on and engagement with the rich but rapidly disappearing traditional knowledge. Knowledgeable elders must be engaged to share their knowledge for documentation and the training of future generations; in particular, there is a need to involve local fishers in fisheries stock assessment and the planning and implementation of fisheries management plans, and in the establishment and monitoring of marine managed areas. Moreover, the applicability of IFK as a basis for marine conservation needs to be integrated into both the secondary and tertiary science and social science curricula, as one of the most effective ways of insuring the continued application of IFK to modern fisheries and conservation management, as well as conserving IFK for future generations of Pacific Islanders.

Widespread exploitation of Pacific resources stems from their knowledge of the resource base they are in daily contact with. Although customary management systems are in place and give communities the feeling of sustainable resource use, there is still a great need to create awareness about the limit of resources in many fishing communities. Understanding the limit of the resources coupled with the encouragement on the proper use of IFK can assist the fishing communities in the Pacific to better manage their already strained resource base.

While the Pacific IFK is threatened on a daily basis, records show that not all of the knowledge of fishers has been lost yet. The mammoth task of documenting IFK is slow and late, however, it has captured information such as the importance of particular species to a culture, the nomenclature systems in place for important species, different locations, conditions and gear that fishers use. Past and recent documentation highlights the need to use local scientists to help in the documentation of their own IFK. They understand the customs and the language, and they will also learn from their elders through their documentation of IFK. Moreover, the value of IFK is recognized today by many, and while work on its protection and documentation is ongoing, Pacific Island fishers are continuously interacting with their environment and adding on to their IFK knowledge base for the future generations' use.
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We report sea-air fluxes of methane in physically and biologically distinct inshore habitats of the Baltic Sea with the goal to establish empirical relationships that allow upscaling of local site-specific flux measurements. Flux measurements were conducted using floating chambers with and without bubble shields, and by using a boundary layer gas transfer model before, during, and after an annually occurring algal bloom from June to October 2019. Water and air temperature, salinity, wind, sediment organic content, and organic content of floating algal biomass were found to successfully discriminate the different habitats in terms of methane flux, both over periods of days and over a season. Multivariate statistical analysis was used to establish the relative environmental forcing of methane emissions over one growth season for each flux method. Floating algal biomass carbon and sediment organic content were identified as the most important controlling factors for methane emissions based on flux chamber measurements over a period of days to weeks, whereas water and air temperature and wind velocity were the most important factors based on the gas transfer model on these time scales. Over the season, water and air temperature were the most important controlling factors with both methods. We present a first attempt how our observations can be extrapolated to determine the coastal methane emission along the coastline.
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INTRODUCTION
The trace gas methane contributes about 23% to the radiative balance of Earth’s atmosphere and its increasing emissions contribute significantly to ongoing global warming (Mende et al., 2019). Atmospheric methane burdens have increased over pre-industrial levels 2.5 times making present and future methane levels highly relevant in discussions about climate forcing and effective mitigation measures (Nisbet et al., 2019). Aquatic ecosystems are responsible for about 53% of the total global methane emissions from anthropogenic and natural sources (Rosentreter et al., 2021). Methane has anthropogenic sources from fertilizer application, animal food stocks, industrial and agricultural emissions, and fossil fuel combustion (Seitzinger et al., 2006; Saunois et al., 2016), but also natural sources such as thawing permafrost, wetlands, natural gas seeps, and emissions from lakes and the coastal ocean that react sensitively to climate change and human activities (Nisbet et al., 2019). A fundamental concern in budgeting these different sources are the discrepancies that arise between top-down or bottom-up approaches (Nisbet and Weiss, 2010; Crill and Thornton, 2017), and in the large range of global estimates for bottom-up approaches that vary between 594 and 880 Tg y–1. Although emissions from lakes and terrestrial wetlands comprise the bulk of the global aquatic methane emissions, shallow-water coastal environments dominate the emissions from aquatic marine environments by area (Weber et al., 2019; Bižić et al., 2020; Rosentreter et al., 2021). Coastal ecosystems, and in particular the inshore habitats, are of interest for global methane emissions, because they are most directly affected by anthropogenic disturbances of the land-ocean interface (Smith and Hollibaugh, 1993; Gattuso et al., 1998; Battin et al., 2008; Torres-Pulliza et al., 2020). Inshore coastal habitats have also been identified as potentially important blue carbon repositories to mitigate CO2 accumulation in the atmosphere (Macreadie et al., 2019), but the efficiency of this carbon sink is partially offset by methane emissions (Rosentreter et al., 2018).
Part of the problem with inshore bottom-up estimates of methane emissions lies in the challenge to scale emissions in habitats that vary strongly over both spatial and temporal scales. Inshore coastal habitats worldwide are very diverse and range from highly productive coastal ecosystems such as coastal wetlands to bare rocky cliffs largely devoid of significant sediment organic carbon accumulation or dense vegetation coverage. In inshore habitats, environmental factors that lead to large spatial and temporal variations in methane production and emission include vegetation density, organic richness of the bottom substrate, air and water temperature, wind velocity and direction relative to the coastline, and wave activity (Jeffrey et al., 2019). An additional factor is the release of methane as bubbles from the sediment, which can escape to the atmosphere before significant oxidation (Keller and Stallard, 1994; Joyce and Jewell, 2003; Jeffrey et al., 2019; Weber et al., 2019). Bubble emissions comprising up to 95% of methane emissions have been suggested (Casper et al., 2000; Walter et al., 2006; Bastviken et al., 2011; Delwiche et al., 2015), but these emissions are highly localized. Lastly, inshore methane emission also takes place via plant vascular tissue transport, but the impact from plants varies by season (Jeffrey et al., 2019) and life cycle phase (Van Der Nat and Middelburg, 1998; Van der Nat and Middelburg, 2000). For example, hornbeam (Typha albida) and reed (Phragmites australis) can reduce methane emissions by oxidation during their growth phase, but when the plants have matured the oxidation is significantly reduced.
A combination of biological, chemical, and physical properties of the inshore coastal environment can be used to evaluate correlations that weigh in the different environmental forcing factors for methane emission. Quantification of methane emissions from coastal habitats in which such steering variables are analyzed may also allow testing which parameters exert a dominating influence on methane fluxes in different coastal habitats. This parametric approach could ultimately be used for empirical scaling approaches in which the geographic and temporal variability of the steering parameters are used as guiding variables to estimate methane emissions over larger coastal areas. At present, however, we do not know the methane emissions of many coastal ecotypes and the variation of these emissions throughout the year – data that are key for a more accurate bottom-up upscaling of the coastal methane emission.
The Baltic Sea coastline has a large diversity of inshore ecotypes such as rocky shorelines, shallow bays, small fjärds, wetlands, small deltas, and coastal lagoons with bottom types ranging from organic-rich soft muds to unvegetated bare rocks (Bartley et al., 2001; Niemelä et al., 2015). Baltic Sea coastal wetlands have some of the highest methane emissions in the Baltic Sea (Heyer and Berger, 2000), but are most directly affected by land-side anthropogenic perturbances. Inshore water temperatures range from up to 27°C in the summer to below freezing in the winter, along with air temperature variations of over 40°C during the year. Light and temperature variability make productivity of the coastal habitat highly seasonal and locally variable. In addition, algal blooms increase the amount of organic matter transferred to sediment, which cause hypoxia and enhanced methanogenesis at shallow sediment depth (Bange et al., 2010; Maltby et al., 2018). The current work had as its purpose to evaluate the forcing of trace CH4 gas emission rates by different environmental factors and to contribute directly measured near-shore trace gas exchange rates. This is a new approach for establishing scaled-up CH4 fluxes in the littoral coastal zone that explicitly takes near-shore vegetation variations, bubble emissions, and seasonal variability of physical environmental forcing factors in these inshore habitats of the Baltic Sea into account. As the main objective the present study therefore lays the ground for scaling scenarios to arrive at empirically constrained trace gas emissions from inshore habitats that can be incorporated into comparisons of bottom-up and top-down emission budgets.



MATERIALS AND METHODS


Study Location and General Approach

The island of Askö is located in the Trosa archipelago on the east coast of Sweden in the central Baltic Sea (Figure 1). Askö extends in NW-SE direction and is about 10 km long and 1 km wide and covers an area of 272 ha. The whole island is a nature reserve, covered by forest and open land and managed by a resident landholder, with cows and sheep who graze the land to help maintain the open landscape. The SW facing side of the island is dominated rocky cliffs and shallow embayments and is relatively open to the Baltic Sea, whereas the NE side of the island faces the archipelago sea with calmer wave conditions. The dominant wind directions in the area are S to SW and secondarily NW to NE (Station Landsort A1).
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FIGURE 1. Map of Askö island and the locations of the five sampling areas.


We categorized five sampling areas of the island shoreline based on salinity, wind velocity, water temperature, air temperature, water depth, organic content of floating algal biomass, shore vegetation, and sediment organic carbon content into four different habitats (Table 1). Discriminators were indicator species for eutrophication (see descriptions for habitats A and B below), algal mat occurrence, occurrence of bubbles during sampling, indicators of human activities such as cut reeds, and the occurrence of hydrogen sulfide.


TABLE 1. Habitat with corresponding sampling stations in the respective habitats and sampling areas.

[image: Table displaying characteristics of different habitats labeled A to D. Each row includes details on water depth, sediment type, vegetation, algal mats, wind exposure, and area and station name. Habitat A has organic-rich mud with shoreline vegetation and is a protected bight. Habitat B has similar features with an open bight. Habitats C and D have coarse sand or gravel with no macroalgae, exposed to open coastline with wave activity. Specific area and station names are listed for each habitat type.]
Habitat A was characterized by reeds and soft organic-rich clays with a water depth up to 0.5 m in small, relatively wind-protected bights. Deciduous tree shorelines characterize this habitat. The shoreline has dense reed areas (P. australis), hornbeam (T. albida), seagrasses (Carex pendula and Sagittaria sagittifolia), and is covered by thick layers of algae mats (Archaeplastida or Cyanophyceae) during July and August, when water lilies (Nymphaea alba) also occupy the surface. Visible bubble emissions appear between June and August in combination with a strong smell of hydrogen sulfide. Human activities such as reed cutting and agriculture affect this habitat.

Habitat B also has soft, organic-rich sediment, a generally vegetated shoreline with deciduous trees and water depths between 0.5 and 1.0 m. There are dense areas of sessile aquatic vegetation with different species of brown algae (Phaeophyceae) and reed (P. australis), hornbeam (T. albida) and dense summer coverage of bladder wrack (Fucus vesiculosus). Benthic algae cover about half of the area. Visible bubble emissions appear in July and August, but hydrogen sulfide is generally absent. Human activities and agriculture generally do not affect this habitat.

In habitat C the sea bottom consists of sandy sediment and unvegetated rocky hard ground. It is located in more open areas with higher currents and wave activity and water depth-up to 2.0 m. There is generally no sessile aquatic vegetation, algal blooms, or any significantly smell of hydrogen sulfide.

Habitat D is characterized by its unvegetated hard ground and strong water currents. The surrounding area of this habitat has rocky cliffs with sparse plants, sessile aquatic vegetation, and summer algal accumulations, and water depths between 0.5 and 1.5 m. There is also no smell of hydrogen sulfide in this habitat.



Field Methods

Methane fluxes were determined using round, anchored, ca. 8 L large floating chambers with and without bubble shield between June and October 2019 following the design described in Schilder et al. (2016). Chamber fluxes were determined with and without a bubble shield at the same station in order to quantify the contribution of ebullition to the total flux. The bubble shield consisted of a 0.12 m2 large transparent PVC plate that was mounted underneath the chamber such that it was positioned 15 cm below the floating chamber. Time intervals for the flux measurements varied between 15 and 78 h, with 89% of the measurements were conducted with less than 32 h intervals. Only sampling intervals with linear increase in CH4 concentration with r2 above 0.78 were considered as significant gradients, and 85% had r2 above 0.90. At stations, where intermittent bubbling rapidly increased the methane concentration over an interval of less than 15 h, only that time interval was used in the final calculation and the other time intervals were ignored. At several stations, the flux measurement was reset to conduct multiple flux measurements over a period of up to 6 days per monthly measuring campaign. Air samples were collected from the chamber headspace every 24 h over a period of 3–6 days. Example time series evolution of concentrations in Supplementary Figures 3, 4. Sampling was done according to the method of Keller and Stallard (1994). To collect samples, the sampling syringe was connected via a three-way stopcock to the chamber and was flushed at least 10 times before filling the syringe with 60 ml of air from the chamber. The first 20 ml of the air sample was emptied to the atmosphere to flush the transfer needle. Subsequently, the remaining air in the syringe was transferred through a butyl rubber stopper into a 20 ml glass vial filled, without headspace, with saturated salt solution.

Dissolved methane was collected with the headspace equilibration method described in Bastviken et al. (2003). A 60 ml syringe was filled, flushed and re-filled with seawater three times. A total of 40 ml of the water was equilibrated in the syringe with 20 ml air for 1 min and exactly 20 ml air was then transferred to a glass vial filled, without headspace, with saturated salt solution by replacing the salt solution with the sample air. The glass vials were kept upside-down until all vials were analyzed.

Three to five locations were selected in each habitat totaling 23 sampling stations. On each sampling occasion and before collecting each sample the following data were recorded: air and water concentration of CH4, date, time, salinity in water, air temperature, O2 concentration in water, water temperature and GPS location. Wind data and air temperature were obtained from the database of the Swedish Meteorological and Hydrological Institute (SMHI) (SMHI, 2010). O2, water temperature, and salinity data were obtained with a handheld WTW Salinometer.



Laboratory CH4 Analysis

Water and air samples were analyzed by gas chromatography on a Shimadzu GC-8A with FID detector and a 1 ml loop injection system. The instrument was calibrated using the average of multiple gas standards that were analyzed during each analysis session with concentrations of 11, 100, and 10,000 ppmv. Replicate standard analyses were performed with a coefficient of variation between 1 and 3%. For the analysis of air and air-equilibrated water samples, 2 ml of a sample were injected on the loop of the Gas Chromatograph (GC) compensating for the withdrawn volume in the air-equilibrated samples with an equivalent volume of salt solution of the same salinity as the sample (6‰). Gas concentrations in (ppm) were converted to (nmol/L) according to Johnson et al. (1990)

[image: The equation displayed is C subscript W superscript degree equals the fraction with numerator n subscript g plus n subscript w and denominator V subscript w, followed by the number one in parentheses.]

where [image: Mathematical notation of the letter "C" with a superscript circle symbol and the letter "W" as a subscript.] is the concentration of the dissolved gas in the sample (mol/L), ng are the moles in headspace after equilibration, nw are the moles in the aqueous phase after equilibration, and Vw is the volume of the water sample. To calculate ng, the ideal gas was used

[image: The equation shows \( n_g = \frac{P \times p' \times V_g}{RT_a} \). It is labeled as equation (2).]

where P is the air pressure in Pa, p′ is the partial pressure of the gas in Pa, Vg is the volume of the headspace (L), Ta is air temperature (K) and R is the universal gas constant 8314.46 (L Pa mol−1K−1).

nw was calculated using Henry’s law constant and the volume of water Vw according to Johnson et al. (1990)

[image: The formula for \( n_w \) is given as \( \frac{\beta \times P \times p' \times K_H \times V_w}{RT} \). It is labeled as equation \( (3) \).]



Flux Calculations

The flux calculations reported in this study are explained and discussed in detail in Supplementary Material and are briefly summarized here: The flux (F) of methane in the floating chambers, henceforth described as the “chamber method” was calculated according to:

[image: Formula for F: \((\frac{C_{t_{n+1}} - C_{tn}}{\Delta t_{n+1-n}}) \times \frac{V_{ch}}{A_{ch}}(M \times 10^3) \times 10^{-9} \times 24\), labeled as equation (4).]

where F is the flux (mg/m2/day), M is the molar mass for the component CH4 (g/mol), Ctn + 1, Ctn are concentrations (nmol/L) of component in air sample at sampling times tn+1 and tn, respectively, Δtn + 1−n is the time difference between sampling times tn+1 and tn in hours. Vch is the volume of the flux chamber (L) and Ach is the water surface area of the flux chamber (m2). The volume of the floating flux chamber was 7.5 L with a surface area of 0.08 m2 and followed the general design described by Schilder et al. (2016). Fluxes determined from dissolved methane concentrations and wind velocity, henceforth termed “gas transfer model” were calculated according to the general boundary layer flux equation:

[image: The formula shown is \( F = k(C_w - aC_a)M \times 2.4 \times 10^{-4} \), labeled as equation (5).]

where F is the flux (mg/m2/day), M is the molar mass for the component CH4 (g/mol), k is the gas transfer velocity (cm/h), Cw is the concentration of the dissolved gas in surface water (nmol/L), Ca is the concentration of the gas in the air at the surface (nmol/L), α is the Ostwald solubility coefficient (dimensionless).

From the Ostwald solubility coefficient (α) for methane from the Bunsen solubility coefficient (β) and water temperature (Tw) (Battino, 1984) according to

[image: Equation showing alpha equals beta times T sub w divided by two hundred seventy-three point one five. Equation six.]

where β is the dimensionless Bunsen solubility coefficient of the dry mole fraction

[image: Equation showing ln β equals A sub 1 plus A sub 2 times 100 divided by T sub w plus A sub 3 times the natural logarithm of T sub w over 100, plus S times the quantity B sub 1 plus B sub 2 times T sub w over 100 plus B sub 3 times the square of T sub w over 100.]

where Tw is the water temperature (K), S is the salinity (‰). A1, A2, A3, B1, B2, B3 are constants specific for CH4 (Wanninkhof, 2014)). A number of different models are used to determine the gas transfer velocity k and for this context the equation used by Wanninkhof (2014) was used:

[image: Equation depicting the formula: k equals 0.251 times U subscript 10 squared, multiplied by the fraction Sch over 660, raised to the power of negative 0.5, labeled as equation 8.]

where k is the gas transfer velocity (cm/hour), U10 is the wind velocity at 10 m height(m/s), andSch is the Schmidt number for the gas component (dimensionless). We have also used the k models of Ho et al. (2006); Nightingale et al. (2000b), Wanninkhof et al. (2009), and Wanninkhof (1992) and calculated averages from the different k models (Figure 2). The average k-values were close to those of the Wanninkhof (2014) relationship for the range of wind velocities encountered in our study and we have therefore decided to use this relationship. The k model for CH4 used by Rosentreter et al. (2017) and Jeffrey et al. (2018) for estuaries (mangroves) was considered, and in these studies, tidal currents were a significant factor. However, the central Baltic Sea region in the study does not have any significant permanent or tidal currents, and estuarine models may not provide better results for the setting of this study.2


[image: Scatter plot showing gas transfer velocity \( k \) in centimeters per hour versus wind velocity in meters per second at ten-meter height. Data points are color-coded by method: black for average, red for Ho-2006, pink for Nightingale-2000, orange for Wanninkhof-1992, blue for Wanninkhof-2009, and cyan for Wanninkhof-2014. The plot shows an increasing trend between wind velocity and gas transfer velocity.]

FIGURE 2. Relationship between gas transfer velocity and wind velocity at 10 m height for five different gas transfer models and the corresponding mean. The relationship by Wanninkhof (2014) was used in this study.


Wind velocity measurements were taken from the coastal measuring buoy at Askö (Askö Kustmätsystem). Wind velocity was adjusted by using measurements at 1.5 m height to get the corresponding wind velocity at 10 m height according to Amorocho and DeVries (1980).

[image: The formula for \( U_{10} \) is given as \( U_{10} = \frac{U_z}{1 - \left(\sqrt{\frac{c_{10}}{\kappa}}\right)\ln\left(\frac{10}{z}\right)} \).]

Uz is the wind velocity at z meters height (m/s), U10 is the wind velocity at 10 m height (m/s), c10 is the surface drag coefficient for shallow water depth c10 = 1.3×10−3, κ is the von Kármán constant κ = 0.41.

The Schmidt number for Baltic Sea brackish water (salinity ∼ 6‰) with measured salinity (Sbalticsea) was calculated by interpolation of the Schmidt number for fresh water (salinity 0‰) and sea water (salinity 35‰) following (Gülzow et al., 2013) and (Jähne et al., 1987).

[image: Equation showing \(Sch_{balticsea}\) as \(\frac{(Sch_{seawater} - Sch_{freshwater}) \times S_{balticsea}}{35} + Sch_{freshwater}\), labeled as equation (10).]

[image: Equation for Sch: Sch equals A plus B times t sub w plus C times t sub w squared plus D times t sub w cubed plus E times t sub w to the fourth power. Equation number eleven in parentheses.]

where tw is the water temperature (°C), A, B, C, D, and E are constants which depends on the gas component (Wanninkhof, 2014). The constants A,B,C, D, and E in Equation 9 to calculate the Schmidt number were used for fresh water and sea water (Wanninkhof, 2014). A detailed description with examples for the flux calculations can be found in Supplementary Material.



Organic Matter

The concentration of organic carbon in sediment and in algal mats was determined by the loss on ignition method (LOI) according to Hoogsteen et al. (2015). About 3–5 g of surface sediment (top 2 cm) or floating algal biomass covering approximately 20–30 cm2 was oven-dried at 105°C and subsequently combusted at 450°C. Water and organic matter content were determined by difference and expressed in weight %. The analytical uncertainty of the method is about 1–2%.



Statistical Analysis


Hierarchical Clustering Analysis

The parameters CH4 flux, water and air temperature, salinity, wind velocity, sediment organic content, and algal biomass carbon were used in a hierarchical cluster analysis (Wilks, 2011) to determine the relative influence of the measured environmental forcing factors on CH4 fluxes for either the gas transfer model or the chamber method. The different forcing parameters have different units and value ranges. To ensure that parameters had equal weight in the cluster analysis (unweighted), the value range for each parameter was scaled to a value between 0 and 1, where 0 represents the minimum value of that parameter and 1 the maximum value. For flux and sediment organic content parameters, a log transformation was applied prior to this normalization to reduce skewness. All parameters were applied to each flux result and each parameter was given equal weight in the analysis. The parameter water depth was categorized into three depth ranges. The first range was up to 0.5 m, the next range was between 0.5 and 1.0 m and the last range was between 1.0 and 2.0 m, which were then represented by the numbers 2, 1, and 0, respectively. If a parameter had identical values for all observations, the chosen value was 0.5 to represent the middle range. This was used in some exceptional cases in an analyzed sampling period with few values for a particular parameter. The hierarchical cluster analysis used Euclidian distance to calculate distance between observations and a bottom-up method to determine which clusters were closest to each other at each stage, using unweighted pair group method with arithmetic mean (UPGMA). Two types of clustering categories were used – category one used grouping of stations based on flux and environmental forcing factors and category two used grouping of flux and environmental forcing factors across all stations. The hierarchical cluster analysis was performed to the point where only a single cluster remained for each analyzed data set. Dendrograms were used for graphical representation of the cluster analysis results, with hierarchical clustering distance representing the calculated distance between two clusters, using UPGMA at the junction point for a pairwise grouping of clusters. Correlation between different parameters are shown by early clustering (low distance) if there was a strong correlation between parameters, while weak correlation make the clusters late (high distance) in different groups. Dendrograms only show proximity (hierarchical clustering distance) between the clusters that are closest to each other at each clustering stage – not between arbitrary data points. Nodes in a dendrograms can be rotated at its junction points without changing the topology and meaning.



Pairwise Correlation Coefficients (Kendall)

Given the limitations of dendrograms in terms of indicating correlations between all of the different parameters, we extended the analysis to include pairwise correlation calculation (Felipe-Lucia et al., 2020) of environmental forcing factors and flux. Pairwise correlations between CH4 flux gas transfer model and environmental forcing factors were calculated for all stations for all sampling periods, using Kendall rank correlation coefficient. Possible value range is between −1 and 1. Using Cohen’s standard (Sawilowsky, 2009; Chen et al., 2010) for evaluation of the relationships, a weak association is between 0.10 and 0.29, medium association between 0.30 and 0.49 and strong association for 0.50–1.00. The Kendall rank correlation coefficient was chosen as it does not impose any requirements on distribution of analyzed parameter values, other than they can be ranked and provided more robust values than a Spearman rank correlation coefficient or the Pearson correlation coefficient (Croux and Dehon, 2010), since these required that values adhered to normal distribution, a linear relationship between variables, and equal distribution along a regression line. This was not true for all parameters and hence Pearson was not used.



Multiple Factor Analysis

Our data consists primarily of quantitative data, but also qualitative data such as water depth categories. We applied multiple factor analysis (MFA) in order to combine all these data series in the analysis and to allow for grouping of different variables to compress and simplify the data set and explore the structure of the observations. MFA (de Tayrac et al., 2009; Abdi et al., 2013) is a generalization of principal component analysis (Abdi and Williams, 2010; Kherif and Latypova, 2019), which allows grouping of data sets in terms of weight and also can combine quantitative and qualitative data in the analysis. We used this method to get a better understanding of the variances of fluxes and environmental forcing factors and their correlations.

Multiple factor analysis calculates new variables referred to as principal components, which are calculated as linear combinations of the original variables. The contribution to the total variance for the principal components was investigated for all data for chamber method, and gas transfer model, as well as different groupings per sampling period and habitat. The variance for all different combinations was explained to 68–96% with the first four principal components, which we considered to explain the variance good enough. Thus our analysis focused on these four components. The contribution of the original variables to the different principal components was then used to study correlation between these variables. In our analysis, we focused on the two to three principal component dimensions. As a graphical depiction of the analysis, the variables are represented by the length and direction of an arrow in a plot of the principal components. Arrows close to each other in the same quadrant are correlated in both dimensions. If variables have similar values on one axis they are correlated for that principal component. Variables in opposing quadrants are negatively correlated in one or two dimensions.





RESULTS


Variability in Dissolved Methane Concentrations

The concentration of dissolved methane differed widely between the studied seasons (spring–summer and fall) and the four investigated habitats (Figures 3A–E). Considering all sampling periods, methane concentrations ranged between 26 and 6596 nmol/L in habitat A, between 42 and 1167 nmol/L in habitat B, 47 and 1201 nmol/L in habitat C, and 69 and 874 nmol/L in habitat D. All methane samples were oversaturated between 908% and 83,865% relative to the dissolved equilibrium concentrations of 2.7–3.6 nM for salinities between 5.4 and 6.7‰ and temperatures between 8.5 and 28.6°C at the respective ambient air pressures for the different sampling periods. A Wilcoxon-Mann–Whitney test of all habitats showed that the concentration ranges were significantly different between the habitats except C and D (Supplementary Table 1). Habitat A had the largest proportion of high CH4 concentrations, likely due to the location of the sampling stations in protected bays, which had significantly more inshore and floating vegetation compared to the other habitats. Average concentrations were calculated by excluding major outliers, thus defining a valid concentration range as

[image: Inequality equation showing the range of \( C \) as follows: \( 25\text{th percentile} - 3 \times \text{IQR} \leq C \leq 75\text{th percentile} + 3 \times \text{IQR} \), labeled as equation 12.]


[image: Bar graphs labeled A to E show the concentration of a substance in nmol L⁻¹ across different habitats over various sampling periods. Each graph represents a habitat: A (June-October), B (July-September), C (June-October), D (June, August, October), and E (combined data for all habitats from June-October). The concentration values and sample sizes (n) vary, with the concentration peaking in July for habitat A and gradually decreasing in others, except habitat B, where August shows the peak. Error bars indicate variability within samples.]

FIGURE 3. (A–E) Average of water concentration of CH4 (without outliers) in each habitat and the average of all habitats together during all sampling periods. The standard error of the mean is shown on each bar.


where IQR is the interquartile range, defined as IQR = (75th percentile − 25th percentile). The averaged dissolved CH4 concentrations during all sampling periods in all habitats showed a clear seasonal trend and increased from 210 nmol/L (n = 31) in June through the summer to highest concentrations of 329 nmol/L (n = 89) in July, from where they decreased in the fall to the lowest seasonal concentrations of 75 nmol/L (n = 22) in October (Supplementary Table 2). Median values were in almost all cases lower than average values, indicating that the concentration distribution was skewed toward the high end.



CH4 Fluxes

Methane fluxes calculated with the gas transfer model ranged from 0.6 to 8.3 mg m–2 d–1 in habitat A, 1.5–5.6 mg m–2 d–1 in habitat B, 0.4–6.6 mg m–2 d–1 in habitat C, and 0.6–6.6 mg m–2 d–1 in habitat D (Figure 4A). Monthly averaged methane fluxes were calculated by excluding outliers in analogy to the procedure used for dissolved methane. There was a good first order relationship between methane fluxes calculated with the gas transfer model and gas transfer velocity k for all habitats during all whole sampling periods, but the data show significant variability of the fluxes for a given gas transfer velocity (Figure 5). This variability is best explained by high variability in methane concentrations and their influence on the calculated flux. It cannot be excluded that some of the variability is due to the presence of microbubbles in some of the samples. High fluxes in June and August were observed during periods with high wind speeds when rising gas bubbles were observed at the water surface, indicating destabilization of trapped shallow gas in sediments of the near-shore area.


[image: Box and violin plots displaying flux distribution per habitat and sampling period. Chart A uses the gas transfer model, while Chart B uses the chamber method. X-axis shows habitats A, B, C, and D with sample sizes indicated. Y-axis measures flux in milligrams per square meter per day, ranging from 0.1 to 1,000 on a logarithmic scale. Colored boxes represent sampling periods from June to October.]

FIGURE 4. (A,B) Flux variation in different habitats and sampling periods based on the gas transfer model and the chamber method.



[image: Scatter plot depicting the relationship between gas transfer velocity (k) in centimeters per hour and flux in milligrams per square meter per day. Data points are categorized by period (June to October) with different shapes and habitats (A to D) with different colors. Flux appears to increase with gas transfer velocity, and various patterns are observed across periods and habitats.]

FIGURE 5. Relationship between gas transfer velocity k and CH4 flux calculated with the gas transfer velocity model. The variability in flux for a given k-value indicates the strong water-side CH4 concentration dependence of the flux. The concentration variability may include captured microbubbles of CH4.


Fluxes calculated with the chamber method in habitat A were in the range 0.6–162.6 mg m–2 d–1, 0.3–22.9 mg m–2 d–1 in habitat B, 0.4–10.4 mg m–2 d–1 in habitat C, and 0.7–2.0 mg m–2 d–1 in habitat D (Figure 4B). Figures 6A,B show CH4 concentrations and fluxes for those sites, at which chambers were deployed with and without bubble shields covering the whole sampling period. From June to August, unshielded fluxes in habitats A, B, and C were higher by factor 5–10 compared to shielded fluxes indicating that bubbles accounted for the majority of the total flux to the atmosphere at all stations. In October, there were no significant difference between fluxes from chambers with and without bubble shields indicating that diffusive fluxes dominated the transport to the atmosphere (Additional variance and mean flux data in Supplementary Table 3). The Wilcoxon-Mann–Whitney test (Fay and Proschan, 2010) indicated that habitat A was significantly different from habitats B, C, and D. On the other hand, based on the chamber method measurements, only habitats B and C were significantly different from each other (p < 0.01; Supplementary Table 1).


[image: Graph A shows a bar chart of methane flux across different habitats from June to October, using varied colors for shielding status. Graph B displays methane concentration over time from June to October with points indicating chamber type, either with or without a bubble shield.]

FIGURE 6. Comparison between CH4 flux with and without bubble shield for different habitats (A) and during the different sampling periods (B).




Habitat Categorization of Methane Fluxes and Their Environmental Forcing

Water temperatures less than 15°C generally showed fluxes lower than 5 mg m–2 d–1. Wind velocities varied between 1 and 8 m/s during all sampling periods, but there were large variations between sampling periods with low winds in July and October and during periods with higher winds in June, August, and September. There was an expected significant positive relationship between methane flux and wind velocity due to the dependency of k on wind velocity, and a slightly negative relationship between flux and salinity for fluxes calculated with the gas transfer model. There was no correlation between flux and wind velocity for the floating chamber method, likely due to contribution from ebullition for CH4, but the correlation between CH4 flux and water and air temperature was weak, but positive (Kendall’s τ < 0.29). Algal biomass and sediment organic contents also showed a significant positive correlation with fluxes, when each habitat was considered individually, but the overall correlation, when all habitats were combined, was weak. The biomass of algae including floating algal mats varied seasonally with highest accumulations in August and a virtual absence of floating algal mats in October. Accumulation in the inshore water also depended on the prevailing wind direction relative to the shoreline orientation, where south to southwesterly winds pushed algal mats into the shore region. Both algal biomass carbon and sediment organic content have a similar correlation with flux for the chamber method and gas transfer model.



Flux Variation in Different Habitats

Flux data from our different sampling stations and environmental parameters were used to test the statistical significance of our station classification scheme into four different habitats. This classification was then used to identify relationships between flux and environmental forcing factors in different habitats and their habitat-specific and seasonal variation. Objective hierarchical statistical clustering was used to determine whether the chosen environmental forcing factors and gas transfer mode-derived methane fluxes discriminated between the four habitat types (Figure 7A). The analysis showed that the statistics-based grouping reproduced the a priori choice of different habitats for the different stations relatively well. For the fluxes determined with the gas transfer model, habitats A and B group closely together because they have similarities in several environmental parameters. It should be noted that stations in area 5 only had two observations for two sampling periods, compared to stations from the other areas that were sampled 4–5 times, which may have affected the results of the cluster analysis. Habitat C and D are grouped together in the cluster analysis because they have more similarity with each other than the other two habitats. Habitat C is the most distant because it has deeper water than the other habitats.


[image: Hierarchical clustering dendrograms using the UPGMA method with Euclidean distance. Panel A represents the gas transfer model, while Panel B shows the chamber method. Each node represents a station, color-coded by habitat: Habitat A (blue), Habitat B (pink), Habitat C (green), and Habitat D (black). The x-axis lists stations, and the y-axis shows distance metrics.]

FIGURE 7. Hierarchical clustering of habitats as a function of CH4 flux relative to environmental forcing factors for the gas transfer model (A) and the unshielded chamber method (B).


Hierarchical clustering was also performed with the fluxes determined with the floating chamber method (Figure 7B). These results differed somewhat from the gas transfer model-based results because the calculated fluxes represent the integral of a 12–72-h time interval, and the values for water and air temperature, wind velocity, and salinity were taken at the end of the flux calculation interval, whereas the values used for the gas transfer model were taken at the beginning of each flux experiment. In addition, only fluxes from chambers without bubble shield were used in this analysis. The chamber fluxes include both the diffusive and ebullitive flux, whereas the gas transfer model, at least nominally, only accounts for the diffusive flux. The hierarchical cluster distance of stations according to habitats based on the floating chamber method was larger than for the gas transfer model, likely reflecting the temporal asynchroneity between the flux calculation and some of the environmental parameters, foremost wind velocity and air temperature, suggesting that the analysis for the gas transfer model was statistically more reliable than the floating chamber-based cluster analysis.

The cluster analysis for the four different habitats indicated early clustering between fluxes, organic content of floating algal biomass, and sediment organic content on timescale of a few days and between fluxes, wind velocity, and water temperature on timescale covering the whole sampling period of this study. A relatively late clustering was found between flux, salinity, and water depth, likely because all our sampling areas had about the same water depth and only small variations in salinity (Figures 8A,B). Both dendrograms in Figures 8A,B form clusters with flux, algal biomass, sediment organic content, salinity, and wind velocity, although with slightly different ordering of individual elements. The main difference was a tighter clustering between flux and sediment organic content instead of algal mats for the chamber method, which may indicate the added contribution of sediment gas ebullition. Water and air temperature are expected to have a more significant impact across longer time periods (seasonal time ranges). When the hierarchical cluster analysis was broken down for each month in the different habitats, the same pattern resulted for habitats A, C, and D with exception of the months of July and October, but the clustering results were different for Habitat B, likely because of the small number of observations for this habitat.


[image: Two hierarchical clustering dendrograms labeled A and B compare environmental forcing factors using the gas transfer model and chamber method. Both show water depth as a major factor, with variations in clustering for air temperature, water temperature, wind velocity, salinity, sediment organic content, algal biomass carbon, and flux. The clusters represent Euclidean distance calculated with UPGMA method.]

FIGURE 8. Hierarchical clustering of environmental forcing factors and CH4 flux calculated with the gas transfer model (A) and hierarchical clustering of environmental forcing factors and CH4 flux calculated with the unshielded flux chamber method (B).


In order to further evaluate the strength of the correlation between individual parameters and methane fluxes, we used Kendall rank correlation coefficient for each pair of flux and environmental forcing factors (Table 2). For the gas transfer model, the strongest association was found between flux and wind velocity. For the chamber method, sediment organic content and algal biomass carbon provided the strongest associations with methane flux. Overall, with the exception of salinity, most correlations were positive. The associations between parameters other than flux were similar for both gas transfer model and chamber method, with strong positive associations between air and water temperature and medium negative associations for both wind velocity and temperatures (air and water) with salinity. Most other associations were weaker. When the analysis was broken down into individual habitats focusing on correlations with methane flux, wind velocity still had the strongest correlation in the gas transfer model, in particular for habitats B, C, and D, and a medium correlation for habitat A. For the chamber method, methane flux showed medium correlations in individual habitats with air and water temperature and a weak correlation between methane flux and air and water temperature when all habitats were pooled together.


TABLE 2. Pairwise correlation coefficients between CH4 flux and environmental forcing factors for all habitats and sampling periods.

[image: Correlation matrix showing relationships between environmental factors and flux across different habitats using two methods: gas transfer model and chamber method. Strongest correlations are highlighted in color, with bolded numbers for emphasis.]
Variations and correlation between flux and environmental forcing factors in the different habitats were further analyzed using MFA by reducing the multiple environmental variables into smaller sets of dimensions. Figures 9A,B shows the quantitative variable correlation in all habitats and sampling periods for the two primary principal components (dimensions) of the MFA for fluxes derived with the gas transfer model and chamber method. Altogether, the MFA confirmed the results of the pairwise correlation and the hierarchical cluster analysis indicating wind velocity as the major driving factor for the CH4 flux in the gas transfer model and sediment organic content and algal biomass carbon as the main drivers for the CH4 flux in the chamber method. There was no association between flux and wind velocity in the chamber method and only a weak negative correlation between flux and salinity. The secondary factor for both methods were air and water temperature. The MFA analysis showed variable association patterns between flux and environmental forcing factors when conducted for individual habitats, which is probably due to the different number of observations for some of the habitats; habitats B and D have less than one third of the number of observations compared to habitats A and B. The contribution from the two primary principal components varied between 41 and 71%. The inclusion of a third dimension increased the total contribution from the three primary principal components to between 56 and 93%. For the gas transfer model in habitats B, C, and D the methane flux showed the strongest correlation with wind velocity in dimension 3, while in habitat A the strongest correlation existed between CH4 flux and temperature. In the chamber method a strong correlation was found between CH4 flux and sediment organic content in habitat A, while habitat B and D had stronger correlations between flux and wind velocity. In habitat C, dimension 3 did not enhance the correlation indicated in dimensions 1 and 2. The flux correlation deviated during July sampling period for gas transfer model and in June sampling period for chamber method. The supplementary material contains additional quantitative variable correlation for the two primary principal components (dimensions) of the MFA per habitat (Supplementary Figure 1) and per sampling period (Supplementary Figure 2).


[image: Two circular biplots labeled A and B compare quantitative variables using Multiple Factor Analysis (MFA). Plot A depicts the gas transfer model, and B illustrates the chamber method. Variables include salinity, algal biomass, wind velocity, water and air temperature, flux, and organic content. Arrows indicate variable directions and groupings: flux in red, organic content in purple, salinity in black, temperature in blue, and wind velocity in red. Dimension one and two axes show variance percentages.]

FIGURE 9. Multiple factor analysis (MFA) for all sampling periods showing weighted correlations between CH4 flux and environmental forcing factors for the gas transfer model (A) and the chamber method (B).





DISCUSSION


Method Comparison and Implications for Environmental Forcings

An important observation of this study has been that the statistical associations of the environmental forcing factors varied with the flux method. Other studies that compared a gas transfer model-derived with chamber-based flux measurements including day- and nighttime measurements found higher methane emissions with the chamber method than the gas transfer model (Erkkilä et al., 2018). Our measurements with the chamber method generally occurred over a 12–24-h period several times over a week thereby integrating diurnal flux variations over this time period. This is not the case for the gas transfer model, which represents daytime methane measurements and air temperature and wind velocity measurements that were retrieved from measurements from nearby weather stations and do not consider local and short-term temporal variations.

The underlying assumption of the gas transfer model is that transport through the sea surface boundary layer takes place via diffusion of methane in one phase. It cannot be said with certainty that the high concentrations of the water samples represent truly dissolved methane, a precondition for the application of the gas transfer model. It is possible that some of the water samples contained microbubbles that were not detected visually and interpreted as dissolved methane due to high concentration of methane in water. This raises the question whether the gas transfer model represented the best suited equation for all sampling periods. In addition, as expected, the gas transfer model fluxes were most closely related to variations in wind velocity, however, the strong correlation does not reflect the overall importance of wind as regulating factor considering the dominance of bubble transport in the shallow inshore areas. The chamber-based fluxes make no assumptions about the transport mechanisms diffusion, ebullition and plant-mediated transport, but here shielding effects of the chamber regarding wind can have affected the forcing by wind.

In addition, the seasonally varying presence of algal biofilms at the water surface may have affected the gas transfer velocity and thus the flux of methane when using a gas transfer model. In July and August, thick algal mats covered the water surface of most of the sampling stations of habitats A and B. The algal mat thickness was between 0.5 and 2 cm. Goldman et al. (1988) noted that natural surfactant films in algal mats can affect the oxygen exchange coefficient and reduced gas transfer velocity to 63–85% of a control value for gas transfer for distilled water. This is due to changes in the oxygen exchange coefficient that is sensitive to small changes in carbohydrate concentration, since they affect the viscosity and thereby the Schmidt number (Frew et al., 1990). Reductions of k by up to 50% were reported in near coastal estuarine areas (Goldman et al., 1988) contrary to open ocean water (Nightingale et al., 2000a). Cyanobacterial biofilms can have high concentrations of organic calcium and magnesium complexes (Arp et al., 2001; Dupraz et al., 2009). These may also cause a decrease in k by up to a factor 2 (Frew et al., 1990). Due to the variability in the presence and thickness of the biofilms at different stations and during the different sampling periods, we would only have been able to make qualitative adjustments to the gas exchange coefficient, but we note that the gas transfer flux calculations in our study at certain times and in areas with thick biofilms may have overestimated the actual gas transfer model flux. A surface algal biofilm can also increase the retention of rising bubbles in the viscous biofilm and may therefore reduce the bubble flux released to the overlying chamber. This would imply that methane fluxes determined with the chamber method in areas of thick algal mats may actually be lowered due to the biofilm presence.

In summary, the chamber-based flux method appeared to be superior in capturing variations in flux as a function of the different environmental forcing factors. The chamber method also provided a more stable environmental forcing pattern across the different habitats during the whole season. We therefore conclude that this approach may be more useful than the gas transfer model for spatial scaling of flux measurements provided that a good categorization of different habitats and their prevalence can be performed. Practically, however, the chamber method presents greater technical challenges in comparison to the gas transfer model, with which measurements generally are easier to obtain. Thus, in practice a combination of methods will be needed and also compared to eddy correlation-based flux methods.



Magnitude of Methane Fluxes

The monthly averaged fluxes of our study were in the same order of magnitude as fjord-type environments and coastal lagoons, whereas fluxes in estuarine waters tend to be up to an order of magnitude lower (Borges and Abril, 2012). Our highest fluxes also compare well with those reported by Heyer and Berger (2000) for coastal wetlands of the southwestern Baltic Sea. Shallow inshore areas generally have well-mixed waters compared to the more stratified offshore areas in deeper water. Compared to fluxes in the offshore Baltic Sea, the range of the spatial and temporal variability of fluxes in our study was almost two orders of magnitude higher. The lowest fluxes in our study were 0.1 mg m–2 d–1, which is similar to the lowest fluxes reported in Gülzow et al. (2013), but the highest values in our study were 162.6 mg m–2 d–1, compared to the highest fluxes of 1.5 mg m–2 d–1 reported by Gülzow et al. (2013). A similar distinct onshore-offshore difference was observed by Borges et al. (2016), who also observed the highest inshore fluxes in the summer season and attributed these to a positive feedback from marine seepage in near-shore shallow areas with gassy sediment. However, the combined effects of seasonal variability and onshore-offshore patterns were different from our study, since Borges et al. (2016) found the lowest fluxes in the offshore areas in late spring and summer, and the highest fluxes in late winter, whereas our study observed the highest fluxes in the summer and the lowest in autumn. Borges et al. (2016) observed similar trends in relation to salinity, where higher fluxes correlated with lower salinity, although the range of salinity was an order of magnitude larger than in our study and also related to greater range in water depth. These comparisons indicate that the environmental effects of the forcing parameters are different for inshore and offshore areas, which make simple extrapolations of our study to greater water depths difficult.



Environmental Forcing

Three main paths have been identified for atmospheric methane emissions from inshore shallow areas: ebullition, diffusion, and plant mediated transport (Jeffrey et al., 2019). In shallow, littoral waters, most methane is produced in the underlying sediment by methanogenic archaea and methylotrophs, from where it diffuses to the atmosphere by diffusion or is emitted as gas bubbles (Crill and Martens, 1986; Chanton et al., 1989; Madigan et al., 2003). The formation of methane bubbles in sediment or floating algal mats reflects the prevailing physicochemical conditions that determine its solubility at a given hydrostatic pressure and temperature, the rate of methane production and oxidation (Martens et al., 1998; Wever et al., 2006; Mogollón et al., 2011). Methane bubble fluxes between 1.6 and 277 mg m–2 d–1 have been reported in various coastal settings (Chanton et al., 1989; Chanton and Dacey, 1991; Leifer and Patro, 2002; Borges et al., 2011), which agrees well with measurements in our study.

Transport of methane through plants (Van der Nat and Middelburg, 2000) and the shallow water depth favor direct transfer of gas bubbles to the atmosphere minimizing oxidation (Van der Nat and Middelburg, 2000). In certain types of habitats, plant-mediated methane transport may account for the majority of methane emissions of these three paths annually (Jeffrey et al., 2019).

In addition, sudden air pressure changes and periods with high winds also enhance the release of methane (Lohrberg et al., 2020). It has been suggested that at least 45% of the initial methane gas content in sediment may escape to the atmosphere during a storm event (McGinnis et al., 2006; Lohrberg et al., 2020). Our study was conducted the sampling over a period of 5 months, with samples taken during a period of a few days each calendar month. Although the weather was relatively stable during this period, there were periods with high winds and heavy rain, which occurred both between and on sampling days during June and August, when it was not practically possible to obtain sampling data. Weather data for the region during our sampling season indicate high-wind events during eight occasions with wind velocities higher than 10 m/s. The effects of these high-wind events in the middle of July and end of August/beginning of September can be noted in Figure 4 and show higher fluxes than those measured during the other sampling months. It is also important to note that these events improve the correlations between methane fluxes and wind velocities in the statistical analyses.

Our data show that ebullition was related to habitat type and season. Wind- and wave-protected embayments with organic-rich fine-grained sediment covered by dense mats of floating algae (habitats A and B) had the highest ebullition rates, but this mode of transport only dominated during the late spring and summer, and ceased in the fall. Both temperature and salinity affect the solubility of methane, but the observed salinity in our study (5.4–6.7‰) had a negligible effect on the solubility itself. Temperatures measured during the sampling days in each period were generally considered representative of each sampling period representing a whole month with the exception of July 2019, which had an unusually large temperature range from 9°C in the beginning to 33°C at the end of the month. The full consequences of this large temperature increase are insufficiently captured with the discrete week-long measurements of our study. Taking these considerations into account, the most significant environmental forcing factor on seasonal timescales were temperature and organic content. This is in line with other studies in the Baltic Sea, which found that the primary ecological driver for methane emission was the seasonal variation of the sediment organic matter content, while temperature controlled daytime and nighttime as well as long-term seasonal long-term variability (Heyer and Berger, 2000; Gülzow et al., 2013).

Habitats A and B with their dense reed beds and floating algal cover in only 0.5 m water depth had the highest fluxes in our study emphasizing the role of plant-mediated methane transport as additional contribution. This was also concluded by Van der Nat and Middelburg (2000), who found that transport through reed and bulrush represented over 85% of the total net methane emission from such habitats. In situ production in floating algal mats contributes additional methane, but has generally been considered secondary compared to the sediment source. However, the high fluxes in habitat C, where boulders covered the seafloor and methanogenic sediment was absent, indicate that in certain habitats floating algal mats are the sole source of the methane flux to the atmosphere during the summer.

Hierarchical clustering analysis helped to validate the categorization of our sampling stations into the four different habitats, but the clustering results showed different group constellations of parameters depending on whether methane fluxes were calculated with the gas transfer model or using floating chambers. There were also different forcing constellations depending on habitat. These results suggest that the calculated hierarchy of forcing parameters for methane fluxes was dependent on the field method and habitat. In the case of the chamber method, this is due to the fact that the methane flux was more strongly forced by methane bubble transport than by wind velocity. Since the bubble-mediated flux far exceeded the diffusive flux for all months except October, we conclude that the environmental forcing constellations associated with the chamber measurements are more realistic for habitats A and B, whereas for the vegetation-poor and open areas habitats C and D, where wind forcing plays the dominant role, the forcing constellations of either gas transfer model or chamber-based measurements yield realistic constellations.

The basic forcing constellations derived from the hierarchical clustering were confirmed by the pairwise correlation analysis using Kendall correlation coefficients for each of the flux measurement methods. As expected, the Kendall correlation coefficients provided very good correlation coefficients between wind velocity and methane flux for gas transfer model-derived data, but very weak correlations of the same parameters for the chamber-based measurements. However, since wind velocity only had a minor influence on the actual fluxes in habitats A and B, where vegetation density and organic richness played a much stronger role, these high correlation coefficients can be misleading for understanding the environmental multi-parameter forcing. These problems were overcome with the MFA, which provided a measure of the correlation quality and the relative weight of different forcing parameters in the different habitats. The primary control of vegetation and sediment organic content followed by air/water temperature as secondary and, finally, wind velocity as tertiary control provided a realistic assessment of the hierarchy of environmental forcing factors in habitat A. The weighting shifted in the more open habitat B, with the primary control parameters to be the same as in habitat A, but with wind velocity and air/water temperature switching positions as secondary and tertiary controls. Finally, the statistical selection of wind velocity as the primary control followed by water depth as secondary, and air/water temperature as tertiary control, for the barer and deeper habitats C and D is a realistic reflection of the environmental drivers in these more open and rocky bottom habitats.



Spatial Extrapolation

Multiple factor analysis provided the first steps toward a scaling approach to predict the methane fluxes in areas represented by our four habitats, for which no direct measurements were taken. At present, the flux database per habitat is too limited to develop algorithms based on algal biomass density, sediment organic content, temperature, and wind velocity for these shallow-water habitats. As an alternative, we chose to use the monthly averages for our habitats as guideline values and partitioned the coastline of the island of Askö into the habitat groups by calculating areas extending 10 m from the shore using aerial photographs. This made it possible to extrapolate the methane emissions of our investigated areas with known habitats to the coast line of the entire island (Table 3). The total length of the Askö coastline was estimated to be 34 km, and the total calculated coastal area within 10 m of the shore is 0.34 km2. Habitat A comprises 0.08 km2, habitat B 0.05 km2, habitat C 0.13 km2, and habitat D 0.09 km2, representing 24, 14, 37, and 25% of the total area (Figure 10), and the presence of habitat categories that were not included in our study such as a sandy beach, which covers 500 m of the northern shoreline of the island. Here, habitat D was selected as the closest analog. The estimated emission of methane from the inshore habitat of the island of Askö varied from 8.8 kg/day in August to 0.17 kg/day in October for the chamber-based flux. Notably, habitat A- and B-type areas contributed 89% to the total flux in August, but no more than 50% in October, when ebullition had ceased and the emissions were more evenly distributed across the habitats. Extrapolation of the emission over a full year assuming similar emissions for October, the winter, and early spring months yielded a very high estimate of 594 kg per year for the whole coast of the island. Based on the seasonal trend in emissions, we estimate that about 90% of the emission flux occurred during July and August and dominated by habitats A (72%) and B (7%). These daily emissions only provide first-order estimates of emissions and probably overestimate the actual emission. Uncertainties of our approach arise from the resolution of published aerial photographs and small-scale variability of fluxes within a defined habitat area, the local inshore wind field on the seaward and landward side of the island, and the variable shoreline shape and geographic orientation.


TABLE 3. Scaled methane emissions for August 2019 for the total coastline of the island of Askö.

[image: Table detailing coastline measurements and gas emission data for areas A to D. It includes columns for coastline area, habitat distribution percentage, mean flux via gas transfer and chamber models, and total emissions for August. Total coastline is 34,181 square meters, with a habitat distribution of 100%. Emissions vary, with the chamber method total at 8,758 grams per day.]

[image: Satellite image showing Askö Island with its coastal areas outlined in different colors representing various habitats. A legend indicates red for Habitat A, blue for Habitat B, cyan for Habitat C, and magenta for Habitat D. Surrounding smaller islands and water bodies are visible. The scale bar at the bottom right shows 4 kilometers.]

FIGURE 10. Habitat (A–D) distribution along the Askö coastline.


The data require comparisons from ongoing, supplemental, continuous eddy correlation, and continuous water sampling measurement campaigns.




CONCLUSION

The current study demonstrates that a habitat-based approach to upscale local, time-limited sea-air exchange measurements of methane fluxes can only be successful, if a weighting of the multiple primary drivers for methane emissions in shallow water coastal habitats is carried out, because no single environmental driver dominates fluxes. In addition, the forcing mechanisms between environmental drivers and methane flux are not linear, because the onset of ebullition is characterized by the passing of temperature and primary productivity thresholds above which the emission type switches from diffusion to ebullition thereby increasing the emission rates more than tenfold. It is likely that such ‘switches’ in the dominant transport process do not occur synchronously along shorelines. In rocky bottom habitats that lack sufficient organic richness or surface algal accumulations, transport mode changes likely do not occur at all and the exchanges are likely controlled by wind forcing and temperature only. The study also demonstrates that apparent good correlations between environmental forcing variables such as wind velocity and temperature only provide good correlations for boundary layer models, but not when ebullition is explicitly accounted for in the measurement. There is a need for complementary approaches to determine the exchange fluxes, because the spatial and temporal extrapolations have many uncertainties. One possible approach may be to use flux measurements carried with eddy correlation towers in the different habitats. This would overcome the problem of discontinuous measurements and could account for the habitat-specific variability in fluxes within an eddy footprint.
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Coliform bacteria (CB) can be used as an indicator of seawater quality. Long-term monitoring of seawater quality based on CB abundance is lacking in Jiaozhou Bay. In this study, CB abundance in surface seawater of 12 different stations in Jiaozhou Bay was investigated by culturing method. The results showed that: (1) the abundance of CB showed a decreasing tendency during the investigation. During 2004–2007, 2008–2013, and 2014–2017, the average CB abundance decreased significantly, forming a “three stages phenomenon”; (2) the average CB abundance in the first half of the year was lower than that in the second half; (3) the CB abundance in Jiaozhou Bay was spatially heterogeneous. The maximum average CB abundance was observed in the estuary area, and followed by the bay mouth area, the outer bay area, and the inner bay area. The highest abundance may be associated with sewage discharge related to human activities; (4) the abundance of CB was most positively correlated with the concentration of ammonium salt and nitrate, while most negatively correlated with salinity; (5) the years 2007 (2008) and 2013 (2014) were time points of the “three stages phenomenon.” These time points coincide with environmental governance actions, indicating that the actions have played a prominent role in improving seawater quality. Long-term survey of CB can not only serve as an indicator of seawater quality, but also provide a basis for the development of environmental governance strategies and pollution control.

Keywords: coliform bacteria, average abundance, environmental governance, correlation analysis, seawater quality


INTRODUCTION
Coliform bacteria (CB) are a group of bacteria found in many environments, but are primarily associated with human and animal intestines and wastes. They are commonly used as an indicator of water quality, and have a long history of being used for assessing seafood safety (Tennant and Reid, 1961; Hunt et al., 1981). For example, over 8 years (from 1987 to 1994), Schiff and Kinney (2001) used total coliforms as an indicator of bacterial contamination of stormwater discharging into Mission Bay (an enclosed water body) in California, United States. They found that, based on more than 7000 samples from 20 stations, total coliform numbers were always higher during wet conditions than dry conditions. Bharathi et al. (2018) also used total coliforms to investigate seasonal pollution of Ennore coastal waters, India in 2011. Similar to the study of Schiff and Kinney, they found that the abundance of CB was higher in wet conditions.
Jiaozhou Bay (35°58′–36°18′N, 120°04′–120°23′E) is a typical shallow coastal semi-enclosed bay located in the western Yellow Sea, southeast of Shandong Peninsula (Xing et al., 2017b). It is most widely known as the sailing venue for the 29th Olympic Games in 2008. The bay has a water area of 370 km2 and an average depth of 7 m (Xing et al., 2017a), is surrounded on three sides by the city of Qingdao, Jiaozhou and the west coast new area of Qingdao. The Yellow Sea and Jiaozhou Bay are connected by a narrow bay mouth of approximately 2.5 km width (Shen, 2001). Seasonal freshwater inflow, a half-day tidal exchange with the open sea (Feng et al., 2018), the East Asian monsoon, and the Yellow Sea water mass are some of the natural factors affecting the bay, but it is also affected by anthropogenic factors including rapid economic development, population expansion, and pollution from land-based source. Because of the interactions between natural changes and human activities, Jiaozhou Bay is an ideal study area for ecological investigations (Feng et al., 2018). Many marine ecological investigations have been carried out in the bay, including studies of nutrients, microorganisms, phytoplankton, zooplankton, and the macrobenthos. For example, Liu et al. (2005) studied the relationship between nutrient composition and phytoplankton composition, trophic interactions, and the sustainability of living resources. Hu et al. (2018) studied the morphological and phylogenetic characterization of an isolate of the dinoflagellate Margalefidinium fulvescens. Ma et al. (2015) used stable isotopes to explore the trophic spectrum of the food web in the bay in spring and fall, and Wang et al. (2017) reported that macrofaunal assemblages in the bay were significantly negatively correlated with the abundance of Manila clams.
With respect to microorganisms, Dang et al. (2010) found that continental inputs may influence the composition and abundance of ammonia-oxidizing Betaproteobacteria in Jiaozhou Bay sediment. Zhou et al. (2018) investigated the role of bacteria in the transport and conversion of organic matters in the bay, and found that the average bacterial contribution to organic carbon in the sediments was higher in the western inner bay than in the outer bay, while the average activity of extracellular enzymes showed the opposite trend. The microbial community in Jiaozhou Bay has also been a focus of our research. For example, we investigated bacterial communities during Ulva blooms using denaturing gradient gel electrophoresis and 16S rDNA clone libraries, and showed that the microbial community changed during blooms and differed between the seawater and the surface of Ulva prolifera (Liu et al., 2011).
Depending on the different application functions and protection objectives of the sea area, the National Seawater Quality Standard of People’s Republic of China (NSQS, GB 3097-1997) divides seawater quality into four classes. From Class I to Class IV, the seawater quality is declining. The CB abundance limit is set as 1.00 × 103 MPN/100 ml for Class I to III and Class IV (Supplementary Table 1). The abundance of CB in Jiaozhou Bay has been monitored for a long time. Zhao (2007) focused on seasonal changes, and found that in summer and autumn from 2002 to 2004 the abundance of CB greatly exceeded Class IV of the NSQS. Dong (2013) found the abundance of CB was significantly correlated with salinity and the concentration of total nitrogen and dissolved organic carbon in Jiaozhou Bay seawater, and showed distinct geographical distributions (highest in the estuary area and lowest in the inner bay area) during the period 2004 to 2010.
Economic development occurred very rapidly in recent years. As Jiaozhou Bay is semi-enclosed, it has been significantly affected by human activities, so long-term research in this area could help explain the environmental response mechanisms. In this regard, the biological communities in Jiaozhou Bay have been investigated at various time scales. For instance, Sun et al. (2011b) reported meteorological and hydrological factors, the phytoplankton community structure (Sun et al., 2011c) and the zooplankton community (Sun et al., 2011a) at various time scales in the bay. They found that: temperature has fluctuated with a trend of increase over the past 100 years; the abundance of phytoplankton and the zooplankton biomass has been increasing for approximately 30 years; and the composition of dominant phytoplankton species has changed. However, no long-term research (>10 years) on CB has been reported.
With rapid economic development, the pressure to control seawater quality is also increasing. To ensure an ecologically sustainable and livable city, the government has implemented a series of environmental protection laws, such as the “Plan for Prevention and Control of Pollution in Coastal Waters” (The Ministry of Environmental Protection of the People’s Republic of China, 2017) and the “Protection Regulations of Qingdao Jiaozhou Bay” (The Ocean and Fishery Administration of Qingdao, 2014). Two important time periods in the study are noteworthy, one in 2007 (2008) and the other in 2013 (2014). To hold successful sailing competitions during the 2008 Olympic Games, the water quality in Jiaozhou Bay was strictly and successfully controlled in 2007 and 2008. In 2012, the Eighteenth National Congress of the Communist Party of China was held. Under the guidance of the spirit of the congress, the construction of ecological civilization has received more and more attention. The “Protection Regulations of Qingdao Jiaozhou Bay,” adopted in 2014, aims to promote the construction of ecological civilization. As a practical area, Jiaozhou Bay has been affected by the policies and regulations and received extensive attention. These policies and regulations focused on the environment and resource protection of Jiaozhou Bay, such as pollution control, ecological restoration, supervision, ecological protection, etc. Although pollution discharges have increased year by year with the rapid economic development, total emissions have decreased thanks to the improvement of sewage treatment capacity (Yue et al., 2016). The Jiaozhou Bay seawater quality has improved over this period. As CB are environmental indicator bacteria, in this study we investigated whether their abundance is declining over time and whether it is affected by environmental conditions.



MATERIALS AND METHODS


Sample Collection and Pretreatment

Surface seawater samples were taken monthly by the Jiaozhou Bay National Marine Ecosystem Research Station from January 2004 to December 2017. The twelve sampling stations (Sts.; Figure 1 and Table 1) were distributed in four areas, including the estuary area (Sts. A5 and C4, near the Licun and Haibo rivers, respectively), the inner bay area (Sts. A3, B2, C1, C3, and D1), the bay mouth area (Sts. D3 and D5) and the outer bay area (Sts. D6, D7, and D8).


[image: Map of Qingdao, Shandong, showing the Yellow Sea and five river locations: Moshui, Loushan, Licun, Haibo, and coastal points labeled A3 to D8 in various colors. An inset shows Shandong's position.]

FIGURE 1. Sampling stations (circles) within the study areas. Black, estuary area; blue, inner bay area; red, bay mouth area; green, outer bay area. Stars indicate river mouths. Map data were obtained from © Baidu and downloaded at https://map.baidu.com/.



TABLE 1. Average depths with the CB abundance of the sampling stations.

[image: Table showing data on various stations within different bay areas. It includes columns for Area, Station, Longitude in degrees east, Latitude in degrees north, Average depth in meters, and Average abundance of CB in units of 10^3 MPN/100 ml. Areas include Estuary, Inner bay, Bay mouth, and Outer bay with respective station codes and measurements.]
In order to cultivate CB and obtain their abundance, about 8 ml surface seawater was collected using a Niskin hydrophore sampler and stored in 10 ml centrifuge tubes in an ice box on the R/V Chuangxin. All samples were returned to the laboratory for cultivation within 6 h.

For heterotrophic bacteria (HB) abundance determination, seawater samples were also collected by Niskin hydrophore sampler and then fixed with paraformaldehyde (final concentration 1%) immediately. The samples were then stored in liquid nitrogen until analyzed.



Determination of Environmental Factors and Heterotrophic Bacteria

During the study, the data of temperature (T) and salinity (S) of seawater were measured during sampling by conductivity temperature depth (CTD).

The concentrations of dissolved inorganic silicate (DISi), dissolved inorganic phosphate (DIP), nitrate ([image: Chemical formula for the nitrate ion, represented as NO with a subscript three and a superscript negative sign.]), ammonium salt ([image: Chemical formula for the ammonium ion, consisting of nitrogen (N) and four hydrogen atoms (H) with a positive charge, shown as NH4+.]), and chlorophyll a (Chl a) were measured according to National Standard of the Specification for Marine Monitoring of People’s Republic of China (GB 17378-2007). Specifically, the concentration of DISi was measured by silico-molybdenum blue method, DIP was measured by phosphorus molybdenum blue method, [image: Chemical formula for the nitrate ion, NO3 superscript minus.] was measured by cadmium-copper column reduction method, [image: The chemical formula for the ammonium ion, NH4+, with a superscript plus sign indicating a positive charge.] was measured by indophenol blue method, and Chl a was measured by fluorescence spectrophotometry. According to National Standard of the Specification for Oceanographic Survey of People’s Republic of China (GB 12763-2007), the concentration of nitrite ([image: Chemical formula for nitrite ion, represented as NO subscript two with a negative sign indicating a charge of minus one.]) was measured by diazo-coupling method. The abundance of HB was analyzed using flow cytometry (Zhao et al., 2016).

The rainfall data were obtained from the Qingdao Meteorological Bureau.



Laboratory Culturing

Cold-stored samples returned to the laboratory were processed in a clean bench. Three dilutions (original, 10-fold, and 100-fold) of each seawater sample were prepared using sterilized seawater. For each dilution, 1 ml of sample was added to a tube containing 9 ml sterile lactose peptone broth medium; this process was repeated in triplicate. The tubes were incubated at 37°C for 48 ± 2 h. After incubation, those tubes showing color change and/or gas production were counted. Based on these data the abundance of CB was determined using most probable number (MPN) table (National Standards of the People’s Republic of China, GB 4789.3–2016).



Data Processing

Monthly average abundances were calculated as the average of the total combined abundance for the various sampling stations. The data were summed up and then average the summation. The monthly average abundances in specific months were used to calculate the 14-year average abundances for those months. The annual average abundance for each year was calculated from the average monthly abundances in those years. The average abundance at each station was calculated from the abundance at each station in different years.

The statistical significance of differences of CB abundances was all assessed by the PERMANOVA analysis using the Vegan package in R (version 4.0.5), and the pair-wise test was performed to assess the differences further. Probabilities were corrected by the Benjamini method. The analyses focused on the data of the whole Jiaozhou Bay were performed to determine whether there was a significant difference in CB abundances considering the factors: (1) different stages of the study (temporal factor), 12 sampling stations (spatial factor), and their interactions; (2) different periods in the annual study (temporal factor), 12 sampling stations (spatial factor), and their interactions; and (3) the 14 years of the investigation (temporal factor), different areas of the sampling stations (spatial factor), and their interactions, respectively.

In order to analyze the correlations between CB abundance and environmental factors, and to identify the most important factors affecting the variation of CB abundance in Jiaozhou Bay, the Spearman’s rho correlation analysis and principal component analysis (PCA) among the CB, environmental parameters and HB were calculated using the Psych and Factoextra package in R (version 4.0.5), respectively. Analysis using PCA is useful for clustering and reducing the dimensionality of data (Choi et al., 2004), and can also preserve most of the variations.



RESULTS


Variations of Environmental and Biological Factors

The average depths of 12 stations varied from 3.0 to 29.3 m (Table 1). But due to the tidal, the depth of each sampling station was slightly different from the average depth.

During the study period, the average temperature (T), salinity (S), and concentrations of DISi, DIP, ([image: Chemical formula for the nitrite ion, consisting of one nitrogen atom and two oxygen atoms, with a negative one charge.]), [image: Chemical formula for the nitrate ion, NO₃⁻, with a negative charge indicated at the top right.], [image: Chemical formula for the ammonium ion, represented as NH4 with a plus sign indicating a positive charge.], and Chl a were 14.56°C, 30.70, 6.24 mg/L, 0.76 mg/L, 1.61 mg/L, 9.16 mg/L, 8.13 mg/L, and 1.51 mg/L, respectively (data provided by the Jiaozhou Bay National Marine Ecosystem Research Station, Institute of Oceanology, Chinese Academy of Sciences) (Supplementary Table 2).

The abundance of HB in surface seawater during the investigation changed from 7.96 × 106 cells/L to 1.04 × 1010 cells/L (Supplementary Table 2).

The rainfall data varied from 0.00 to 482.20 mm in 168 months (Supplementary Table 2). In annual variation, the maximum data occurred in July (174.33 mm) while the minimum value occurred in January (6.74 mm).



Temporal Variations in Coliform Bacteria Abundance

A total of 1997 samples were collected from 2004 to 2017 for measurement of the abundance of CB. Over those 14 years, 168 monthly average CB abundance were calculated (Figure 2). The maximum abundance was in September 2005 (6.13 ± 5.21 × 103 MPN/100 ml), while the minimum was in March 2015 (0.03 ± 0.03 × 103 MPN/100 ml). The difference between the maximum and minimum was more than 200-fold.


[image: Time series chart of bacterial abundance from 2004 to 2017, measured in thousands of MPN per 100 milliliters. Monthly average is shown with open circles. The timeline is divided into three intervals: 2004-2007 (red dashed line), 2008-2013 (green dashed line), and 2014-2017 (blue dashed line), each representing a different abundance phase. A threshold line is marked, and annual variations are shown with solid black lines and filled circles. Abundance generally decreases over time.]

FIGURE 2. Monthly average abundance (× 103 MPN/100 ml) of CB in Jiaozhou Bay. The red, green, and blue lines show the average abundances from 2004 to 2007, 2008 to 2013, and 2014 to 2017, respectively. The dotted line (threshold value) represents the Class IV standard of CB abundance specified by the NSQS. The bold broken line shows the annual average abundance of CB.


During the study, the annual abundance of CB in Jiaozhou Bay tended to decrease (Figure 2) suggesting that the environmental conditions in Jiaozhou Bay improved. The maximum annual average abundance occurred in 2005 (2.54 ± 1.37 × 103 MPN/100 ml) while the minimum occurred in 2017 (0.39 ± 0.47 × 103 MPN/100 ml). The difference between the maximum and minimum was more than sixfold.

In the 14 years of the study investigation, the CB abundance showed a stepwise decline involving three clear steps termed the “three stages phenomenon.” From 2004 to 2007, the average abundance (1.95 ± 1.04 × 103 MPN/100 ml) was almost a factor of two higher than the Class IV standard of the NSQS. From 2008 to 2013, the average abundance (1.08 ± 0.74 × 103 MPN/100 ml) was close to the Class IV standard. And, from 2014 to 2017, the average abundance (0.60 ± 0.60 × 103 MPN/100 ml) was much lower than the Class IV standard. The average abundances in the three stages were significantly different (p < 0.05) (Supplementary Table 3). The occurrence of this phenomenon indicated that the seawater quality in Jiaozhou Bay progressively improved over the study period.

During the investigation, the annual variation of CB abundance showed a fluctuating trend (Figure 3A). The maximum abundance occurred in December (1.61 ± 0.82 × 103 MPN/100 ml) while the minimum occurred in June (0.64 ± 0.74 × 103 MPN/100 ml), representing a more than twofold difference. The annual variation in the abundance of CB showed that the average for the first half of the year (0.99 ± 0.79 × 103 MPN/100 ml) was lower than that in the second half (1.39 ± 1.06 × 103 MPN/100 ml) significantly (p < 0.05) (Supplementary Table 4). In the first half of the year, the maximum abundance occurred in January (1.54 ± 0.81 × 103 MPN/100 ml), while in the second half, there were two peaks in abundance, one in September (1.60 ± 1.66 × 103 MPN/100 ml) and the other in December (1.61 ± 0.82 × 103 MPN/100 ml). The average abundance in the first half of the year was very close to the Class IV standard of the NSQS, but in the second half of the year, it was a factor of approximately 1.5 higher than the standard.


[image: Four line graphs labeled A, B, C, and D display bacterial abundance trends (×10³ MPN/100 ml) from different periods. Each graph shows fluctuations across twelve months, with threshold values marked. Graphs A, B, C, and D represent data from 2004-2017, 2004-2007, 2008-2013, and 2014-2017, respectively. Orange and purple lines indicate specific reference levels.]

FIGURE 3. Annual variation in the average abundance of CB (×103 MPN/100 ml) in Jiaozhou Bay: (A) from 2004 to 2017; (B) from 2004 to 2007; (C) from 2008 to 2013; and (D) from 2014 to 2017. The purple and orange lines represent average abundances in the first and second halves of the year, respectively. The dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.


The annual variation in CB abundance was analyzed with respect to the “three stages phenomenon” (Figures 3B-D). Although the average abundance in the first half of the year in all years of the study was lower than in the second half, the three stages showed different characteristics. In the first stage (Figure 3B), both the average abundances in the first and second halves of the year (1.71 ± 0.74 × 103 MPN/100 ml and 2.18 ± 1.23 × 103 MPN/100 ml, respectively; difference = 0.47 × 103 MPN/100 ml, p < 0.05) exceeded the Class IV standard of the NSQS. In the second stage (Figure 3C), the average abundance in the first half of the year (0.87 ± 0.66 × 103 MPN/100 ml) was lower than the Class IV standard, while in the second half (1.29 ± 0.77 × 103 MPN/100 ml), it was higher than the standard (difference = 0.42 × 103 MPN/100 ml, p < 0.05). In the last stage (Figure 3D), the average abundances in the first and second halves of the year (0.43 ± 0.39 × 103 MPN/100 ml and 0.76 ± 0.73 × 103 MPN/100 ml, respectively; difference = 0.33 × 103 MPN/100 ml, p < 0.05) were all lower than the Class IV standard. Thus, over the 14 years of the study, the differences between the first and second halves of the year became progressively smaller. And the variations in the first and second half-year average abundances also indicated that the seawater quality in Jiaozhou Bay improved.

In the first stage, the average abundances of CB in each of the 12 months of the year were higher than the Class IV standard. In the second stage, the abundances were higher than the standard in 6 months in a year. While in the third stage, the standard was exceeded in only 2 months. These data also suggested that the seawater quality gradually improved.



Spatial Distribution of Coliform Bacteria Abundance

Coliform bacteria abundance varied in different areas and generated obvious spatial distribution characteristics (Figure 4 and Supplementary Table 5). The highest abundance was in the estuary area (4.94 ± 2.39 × 103 MPN/100 ml), followed by the bay mouth area (0.72 ± 0.72 × 103 MPN/100 ml), and the outer bay area (0.46 ± 0.48 × 103 MPN/100 ml), while the lowest abundance occurred in the inner bay area (0.33 ± 0.42 × 103 MPN/100 ml). The abundance in the estuary area was approximately 15-fold higher than in the inner bay area. Station A5 had the highest abundance (5.83 ± 4.68 × 103 MPN/100 ml), while station A3 (0.24 ± 0.96 × 103 MPN/100 ml) had the lowest. The highest value was more than 24-fold higher than the lowest value.


[image: Map illustrating locations marked as A3, A5, B2, C1, C3, C4, D1, D3, D5, D6, D7, and D8 with various colored dots representing MPN (Most Probable Number) values per 100 milliliters. Blue, red, green, and black dots correspond to MPN ranges, indicated by the legend on the right: 4.0 to 6.0, 1.0 to 4.0, 0.6 to 1.0, 0.3 to 0.6, and 0.0 to 0.3 (times 1,000). Coordinates range between 35.9°N to 36.2°N latitude and 120.1°E to 120.4°E longitude.]

FIGURE 4. Spatial distribution of the average abundances in 12 stations. The sizes of the colored circles indicate relative average abundances of CB. The black, blue, red, and green circles indicate sampling stations in the estuary area, the inner bay area, the bay mouth area, and the outer bay area, respectively.


The annual variation in CB abundance in Jiaozhou Bay was spatially heterogeneous (Figure 5). The estuary, inner bay and outer bay areas showed clear differences between the first and the second halves of the year, with the average abundance in the first half of the year being lower than in the second half. The differences in the estuary area (1.45 × 103 MPN/100 ml) were greatest, followed by the inner bay area (0.30 × 103 MPN/100 ml) and the outer bay area (0.12 × 103 MPN/100 ml). In the bay mouth area, there was little difference (0.01 × 103 MPN/100 ml) between the average abundances in the first and second halves of the year. The ratio of the average abundance in the second half of the year to the first half of the year ranged from 1.00 in the bay mouth area to 2.67 in the inner bay area. The average abundances in the first and second halves of the years were lower than the Class IV standard of the NSQS, except the estuary area.


[image: Map and graph displaying bacterial abundance data in a bay area. Maps A and B show locations from January to June and July to December, respectively, with marked sites in different areas: inner bay, bay mouth, outer bay, and estuary. Graphs C to F illustrate bacterial abundance trends for the estuary (black line), inner bay (blue line), bay mouth (red line), and outer bay (green line) areas over 12 months, with threshold values marked. Each area graph shows fluctuating abundance trends in MPN per 100 milliliters.]

FIGURE 5. Annual variation of CB abundance (× 103 MPN/100 ml) in Jiaozhou Bay. The columns with various lengths in different sampling stations indicate the average abundance of CB during the investigating period: (A) in the first half of the year; and (B) in the second half of the year. Variations in the annual abundance of CB in four areas in Jiaozhou Bay: (C) the estuary area; (D) the inner bay area; (E) the bay mouth area; and (F) the outer bay area. The purple and orange lines represent the average abundances in the first and second halves of the year, respectively. The black dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.


The changes in CB abundance in the four areas of Jiaozhou Bay also reflected the “three stages phenomenon” (Figure 6). Average abundance declined from the first stage (2004–2007) to the third stage (2014–2017) in all four areas, but the characteristics of change varied. For example, in the estuary area, the average abundance dropped from the first stage (7.52 ± 3.20 × 103 MPN/100 ml) to the third stage (2.42 ± 2.71 × 103 MPN/100 ml), the reduced value was more than 5 × 103 MPN/100 ml (the highest in all four areas), and the abundance decreased by almost 70%. In this area, the lowest abundance stage still exceeded the Class IV standard. In the bay mouth area, the average abundance also decreased from the first stage (1.43 ± 1.93 × 103 MPN/100 ml) to the third stage (0.27 ± 0.51 × 103 MPN/100 ml), the decline in average abundance was more than 80%, and it was the greatest decline among the four areas. Unlike the estuary and bay mouth areas (where the CB abundance of more than one stage was higher than the Class IV standard), in the inner and outer bay areas, the CB abundance was lower than the Class IV standard during the three stages. In these two areas, the abundances in the last two stages were similar. The abundance in the inner bay area fell by 70%, while in the outer bay area it declined by 64%.


[image: Maps and graphs depicting bacterial abundance in different marine regions over time. Panels A, B, and C show maps from 2004-2007, 2008-2013, and 2014-2017, respectively, with pie charts indicating area proportions. Panels D, E, F, and G present line graphs showing bacterial abundance trends for estuary, inner bay, bay mouth, and outer bay areas from 2004 to 2017, with distinct line styles for each time period and a threshold value.]

FIGURE 6. Interannual variation of CB abundance (× 103 MPN/100 ml) in Jiaozhou Bay. Columns with different lengths in 12 stations show the average abundance of CB in: (A) the first stage; (B) the second stage; and (C) the third stage. The pie charts on the maps represent the proportion of the average abundance of CB in different areas. Interannual variation in CB abundance of four areas in Jiaozhou Bay: (D) the estuary area; (E) the inner bay area; (F) the bay mouth area; and (G) the outer bay area. The red, green, and blue dotted lines represent the average abundances in the first stage (2004–2007), the second stage (2008–2013), and the third stage (2014–2017), respectively. The black dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.




Relationships Between Environmental Factors and Coliform Bacteria Abundance

The results of the correlation analysis between CB abundance and environmental factors were shown in Table 2. To ensure data integrity, a total of 1843 sets of data were selected for analysis. All the correlations were corrected by the Bonferroni method.


TABLE 2. Spearman correlation analysis between environmental factors and the abundance of CB.

[image: A correlation matrix displaying relationships between various environmental variables labeled horizontally and vertically: DISi, DIP, NO₂⁻, NO₃⁻, NH₄⁺, Chl a, T, S, HB. Significant correlations are marked with asterisks indicating significance levels: * for 0.05 and ** for 0.01. Values range from positive to negative, showing strengths of correlations among variables.]
The results showed that the CB abundance was significantly positively correlated with the concentrations of DISi (r = 0.20, p < 0.01), DIP (r = 0.20, p < 0.01), nitrogen salts (nitrate, nitrite, and ammonium) (0.19 ≤ r ≤ 0.30, p < 0.01), and significantly negatively correlated with salinity (r = −0.11, p < 0.01). Among the positively correlated factors, the abundance of CB showed the strongest correlation with the ammonium concentration (r = 0.30, p < 0.01).

Factoextra package in R language was used in PCA. The analysis studied 1840 sets of data and was performed to access the relationships between environmental factors and CB abundance (Figure 7). The result of the PCA paralleled those of the correlation analysis, and showed that the first two principal components explained 51.1% of the variation. The CB abundance was most positively affected by the concentrations of [image: NO2 with a superscript minus sign, representing the nitrite ion.], [image: Chemical formula for the nitrate ion, represented as "NO" with a subscript "3" and a superscript negative sign, indicating a negative charge.], and [image: Chemical formula of the ammonium ion, represented as NH4 with a superscript plus sign indicating a positive charge.], while salinity had the negative impact.


[image: Principal Component Analysis (PCA) biplot displaying two dimensions, Dim1 (37.2%) and Dim2 (13.9%). Arrows represent variables: temperature (T), hydrogen carbonate (HB), chlorophyll a (Chl a), nitrate (NO₃⁻), ammonium (NH₄⁺), nitrite (NO₂⁻), dissolved inorganic silicon (DISi), dissolved inorganic phosphorus (DIP), sulfur (S), and chlorophyll b (CB). Arrows indicate the contribution and correlation of each variable to the PCA dimensions.]

FIGURE 7. Principal component analysis of CB abundance and environmental factors.




DISCUSSION

Long-term monitoring (14 years) of the abundance of CB in Jiaozhou Bay showed that there has been a trend of decline at interannual, annual, and spatial scales, and that the decrease has occurred associated with three stages (2004–2007, 2008–2013, 2014–2017). Around the year 2008, seawater quality was strictly regulated to build a qualified water sports venue for the Olympic Games. Since 2013, a series of environmental protection work has been carried out under the guidance of the Eighteenth National Congress of the Communist Party of China. In recent years, the concept of “lucid waters and lush mountains are invaluable assets” has been put into practice. This was consistent with the significant decrease in CB abundance decreased at these two time points. Among the “three stages phenomenon,” the percentage of months with average abundance below the NSQS Class IV standard was less than 15% during 2004–2007, approximately 50% during 2008–2013, and more than two third during 2014–2017. These findings were in accordance with the described improvement of seawater quality of Jiaozhou Bay by the Report on Marine Environmental Quality of Qingdao1, and implied that the abundance of CB could be employed as an indicator to reflect the impact of environmental treatment accurately.

Along with a decrease in the abundance of CB over the three stages, there was a decline in the concentrations of DISi, DIP, [image: The chemical formula for nitrite, represented as NO with a subscript two and a minus sign indicating a negative charge.] and [image: Chemical formula of the ammonium ion, represented as NH4 with a superscript plus sign indicating its positive charge.] (Supplementary Table 2). This suggested that the environmental quality in Jiaozhou Bay has gradually improved. In the correlation analysis, the abundance of CB was most positively correlated with the concentration of nitrogen salts in all three stages. In the four study areas, the abundance of CB showed various relationships with nutrient concentrations. For example, in the estuary and inner bay areas, the abundance of CB was associated with the concentration of nitrogen salts. Water in the estuary area probably contains more nutrient residues (Cross and Rebordinos, 2003) and also receives untreated groundwater. Groundwater is an important land-based source of nutrients entering coastal ecosystems (Hernández-Terrones et al., 2010), and human activities may influence their concentrations (Hernández-Terrones et al., 2015). In previous studies it has been shown that nutrients enhance CB growth and reproduction, particularly inorganic nitrogen (Prasad et al., 2015). This could account for the correlation of nutrients in Jiaozhou Bay with the abundance of CB.

The abundance of CB was negatively correlated with salinity in Jiaozhou Bay. Similar correlations were also reported by Rozen and Belkin (2001) and Anderson et al. (2005). We also found a pattern of annual abundance of CB in Jiaozhou Bay that was not seasonal. This involved a marked increase from July and the maintenance of a high average abundance until January the following year. The similar phenomenon was found by Xue et al. (2018). To investigate possible explanations for this phenomenon, we compared the annual change in CB abundance with temperature, salinity, and rainfall. Temperature showed an obvious seasonal change that was different from that of changes in CB abundance. Salinity and rainfall both varied in the first and the second halves of the year. The average salinity was high in the first half of the year and low in the second half of the year, while the pattern was opposite for rainfall (Supplementary Figure 1). Correlation analysis of the surface seawater salinity and rainfall showed that these two indices were negatively correlated. Previous studies have reported that pollutants and bacterial cells can be carried to coastal bays through estuarine systems (Ridgway and Shimmield, 2002; Prasad et al., 2015), and rainfall can carry pollutants into estuarine areas in surface runoff and groundwater. Consequently, we infer that the abundance of CB may have been influenced by land-sourced pollutants carried into Jiaozhou Bay by rainfall. The hypothesis had some resemblance to Procopio et al. (2017) and Tabanelli et al. (2017).

Station A5 (near the mouth of Licun River), A3, C4 (near the mouth of Haibo River), C1, and C3 were at similar latitudes, but the differences in CB abundance at these stations varied by a factor of 10. This also suggests that the abundance of CB in Jiaozhou Bay was mainly influenced by land-sourced pollutants. Schiff and Kinney (2001) reported that high bacterial densities detected in discharges were not the result of point-source pollution. Therefore, the abundance of CB may have been influenced by sewage carried by nearby rivers. The abundance of CB was correlated with salinity and the concentration of nitrogen salts and silicates in the estuary and inner bay areas, but not in the bay mouth or outer bay area. Rivers may carry pollutants to the estuary area of Jiaozhou Bay in rainfall, and in the inner bay area, the pollutions may diffuse by the seawater flowed. Some studies have reported that bacterial abundance was higher in aquacultural organisms than in seawater (Lucena et al., 1994; Kolm and Absher, 2008), as the inner bay is an aquaculture area, this may explain why the abundance of CB was lower in the inner bay area. Furthermore, bacteria can travel and be transported some distance (Jeng et al., 2005), which could be another reason for the phenomena in the estuary and inner bay areas. In the bay mouth and outer bay areas, the exchange of seawater between Jiaozhou Bay and the open sea is greater, so pollutions may be diluted to very low concentrations, and have less influence on CB abundances as highlighted in the research of Farrapeira et al. (2010). Seawater could purify itself may be another possible explanation for the spatial distribution of CB in Jiaozhou Bay. For station D8 (Supplementary Figure 2D), which is inside the 2008 Olympic Games sailing venue area, the average abundance of CB gradually decreased from the first to the third stage. The average abundance exceeded the Class IV standard of the NSQS in the first stage but was below it in the other two stages. Compared with the other two stations in the outer bay area, the abundance of CB at D8 station fluctuated the most, and most frequently exceeded the Class IV standard. This may have been influenced by tourism and water sports, and highlighting the need for the water environment to be consistently monitored and regulated.

We compared the abundance of CB in Jiaozhou Bay with other areas worldwide (Supplementary Table 6). Farrapeira et al. (2010) found that, based on MPN analysis, total coliforms in an estuary area in Brazil were more than 2.4 × 103 MPN/100 ml, while the abundance was 0.9 × 10 MPN/100 ml at a port station in May, 2007. Also in Brazil, Mignani et al. (2013) reported that in 2007–2008, the mean abundance of CB in a cultivation area and a contaminated area was 18 and 156 MPN/100 ml, respectively. Locations and pollution levels can influence the abundance of CB, as occurs in Jiaozhou Bay. The average abundance of CB in Jiaozhou Bay during the last two stages was lower than that in seawater of the intertidal zone in the Persian Gulf in Iran in 2014 (more than 1.2 × 103 MPN/100ml) (Karbasdehi et al., 2017), suggesting that the seawater quality of Jiaozhou Bay is better than that of the Persian Gulf. The abundance of CB in a Xiamen (China) intertidal shellfish aquaculture area in 2005 and 2006 (Zhong et al., 2012) was higher than we found in the inner bay area of Jiaozhou Bay, suggesting that the aquaculture environment in Jiaozhou Bay is better. Xia et al. (2011) studied the abundance of CB in surface seawater of an aquaculture area was 72 MPN/100ml (in March) and 23 MPN/100ml (in May) in Jiangsu Province (China) in 2010, indicated that the seawater quality was better in Jiangsu Province than in Jiaozhou Bay at that time. Shen et al. (2006) reported that the highest abundance of CB occurred near a sewage outlet, which was similar to our results. We also found that the abundance of CB in Jiaozhou Bay was four orders of magnitude lower than that in the Wanan catchment in China (Xue et al., 2018). This catchment is a freshwater environment, and could be more highly influenced by human activities (e.g., agricultural and urban activities) than Jiaozhou Bay, because it is an endorheic environment.

We analyzed the variations in abundance of CB at various stations in the four areas (Supplementary Figure 2). From an overall viewpoint, the abundance of CB in Jiaozhou Bay should be treated regionally. In the estuary area, where the decline in abundance of CB was greatest, the seawater quality still exceeded the Class I to Class III standards of the NSQS. For the inner bay, outer bay, and bay mouth areas, the average abundance of CB fluctuated in 2015, and the average abundance in the outer bay also fluctuated in 2007, 2009, 2012, and 2013. Possible explanations include increased use for anchorage, increased human activity in the open seawater area (e.g., tourist ships and sailing), and mariculture developments. Based on our study, we have formulated strategies for future seawater environmental management. These include, for example: the regulation of pollution discharge in key areas and in differing periods of the year, to maintain the present status and strengthen management and control; to strictly monitor, regulate, and manage various water activities; and to standardize aquaculture activities.

There was a deficiency in our study that we did not pay attention to the specific composition of CB. In the following monitoring, we will pay more attention to the species which had specific roles such like pathogenicity (Dey et al., 2017) and drug resistance (Al-Badaii and Shuhaimi-Othman, 2014). These may make the indicative function more accurate of CB. And, in further study, we will try to distinguish the factors that influence CB abundance whether from human activity or animals’ excretion. That will be more accurate to analyze the impact of the environmental factors.



CONCLUSION

In this study we analyzed the abundance of CB in Jiaozhou Bay during the period 2004–2017. Surface seawater samples were collected monthly at 12 stations, and the abundance of CB and a range of environmental factors were measured. The long-term investigation showed that the abundance of CB reflected a “three stages phenomenon”, involving critical time points that coincided with increased environmental governance. The abundance of CB showed obvious annual and spatial variations, although their abundance declined during the study. Based on the National Seawater Quality Standard, the abundance of CB at individual stations in individual months still exceeded the Class III standard. As the abundance was correlated with human activities, changes in abundance can be used as a guide to the development and implementation of environmental governance strategies.
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The Barents Sea (BS) is a high-latitude shelf ecosystem with important fisheries, high and historically variable harvesting pressure, and ongoing high variability in climatic conditions. To quantify carbon flow pathways and assess if changes in harvesting intensity and climate variability have affected the BS ecosystem, we modeled the ecosystem for the period 1950–2013 using a highly trophically resolved mass-balanced food web model (Ecopath with Ecosim). Ecosim models were fitted to time series of biomasses and catches, and were forced by environmental variables and fisheries mortality. The effects on ecosystem dynamics by the drivers fishing mortality, primary production proxies related to open-water area and capelin-larvae mortality proxy, were evaluated. During the period 1970–1990, the ecosystem was in a phase of overexploitation with low top-predators’ biomasses and some trophic cascade effects and increases in prey stocks. Despite heavy exploitation of some groups, the basic ecosystem structure seems to have been preserved. After 1990, when the harvesting pressure was relaxed, most exploited boreal groups recovered with increased biomass, well-captured by the fitted Ecosim model. These biomass increases were likely driven by an increase in primary production resulting from warming and a decrease in ice-coverage. During the warm period that started about 1995, some unexploited Arctic groups decreased whereas krill and jellyfish groups increased. Only the latter trend was successfully predicted by the Ecosim model. The krill flow pathway was identified as especially important as it supplied both medium and high trophic level compartments, and this pathway became even more important after ca. 2000. The modeling results revealed complex interplay between fishery and variability of lower trophic level groups that differs between the boreal and arctic functional groups and has importance for ecosystem management.

Keywords: ecosystem dynamics, mass-balance modeling, trophic flows, environmental drivers, sequential depletion, food web, primary production variability


INTRODUCTION
Fisheries and climate have been emphasized as major drivers of energy flows in large marine ecosystems (LMEs) (Araujo and Bundy, 2012; Link et al., 2012), and understanding how these drivers interacts and shapes ecosystems is a major challenge and essential to manage these ecosystems. It is important to investigate how these drivers interplay in high-latitude ecosystems, such as the Barents Sea. The Barents Sea (BS) is intensely exploited and profoundly impacted by climate variability. It is characterized by a strong temperature gradient with boreal and sub-arctic conditions in the southwest and high-arctic conditions in the northeast (Loeng, 1991; Smedsrud et al., 2010), and advected heat, nutrients, and biota, along with seasonally migrating fish, seabirds, and mammals strongly impact ecosystem structure and production (Hunt et al., 2013). The trophic structure of the BS ecosystem is similar to other northern high latitude shelf ecosystems (Gaichas et al., 2009; Eriksen et al., 2017).
Fisheries has been a major direct driver of marine ecosystems the past century, affecting structure, function, and diversity (Jackson, 2001; Halpern et al., 2008). The fisheries within the BS have since the 1950s been targeting mainly large gadoid fishes, such as Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and saithe (Pollachius virens) and other demersal fishes, such as Greenland halibut (Reinhardtius hippoglossoides) and redfishes (Sebastes mentella and Sebastes norvegicus), the small pelagic fish species capelin (Mallotus villosus) and polar cod (Boreogadus saida), and northern shrimp (Pandalus borealis) (Gjøsæter, 1998; Nakken, 1998; Hop and Gjøsæter, 2013; Haug et al., 2017). Juvenile Atlantic herring (Clupea harengus) was fished within the area from 1950 to 1971 (Toresen and Østvedt, 2000). Some marine mammals were also heavily exploited up until their protection, such as walrus (Odobenus rosmarus) (protected in 1952), polar bear (protected in 1973), and some large baleen whales (Nakken, 1998; Weslawski et al., 2000). After ca 1970, the only mammals harvested in large scale have been minke whales and harp seals (Nakken, 1998).
Climate variability may affect marine ecosystems through effects on primary and secondary production, fish recruitment variability, growth and shifts of populations distribution range (Nilssen et al., 1994; Ottersen and Loeng, 2000; Fossheim et al., 2015). In the BS, a period of warm climate between 1920 and 1960 was followed by a cold period from ca. 1960 to 1980 and then by a period of warming after the 1980s (Loeng and Drinkwater, 2007). Temperature variability has affected recruitment to the commercial fish stocks Norwegian spring spawning herring, Northeast Arctic cod and haddock with larger year-classes produced in warmer years (Ottersen and Loeng, 2000; Sundby, 2000). The warming of the BS ecosystem since the early 1980s (Johannesen et al., 2012) has resulted in northwards shift in distribution and increasing abundance for boreal fish species and a decrease for arctic fish species (Eriksen et al., 2011; Kortsch et al., 2015) and an increased importance of benthic invertebrate species with affinity for warmer waters (Jørgensen et al., 2019). After 1980, temporal fluctuations in population sizes have been observed at several trophic levels, e.g., krill, northern shrimp, capelin, and seabirds (Johannesen et al., 2012; Fauchald et al., 2015; Gjøsæter et al., 2015). Relationships and energetics of major stocks of top-predators, such as Northeast Arctic cod, minke whales, and harp seals have also changed (Bogstad et al., 2015; Fauchald et al., 2015).
The change in climatic conditions call for an effort to use and integrate available information to understand the underlying drivers for the ecosystem changes, and ecosystem modeling is a common tool to synthesize quantitative information into a coherent system. This is particularly important in species-rich systems with complex (e.g., with considerable advection and migration) pathways for impact where statistical modeling may struggle. Previously published food web models of the BS and Norwegian Sea have been fish-centered with relatively few lower trophic level groups and benthic invertebrate groups (Blanchard et al., 2002; Dommasnes et al., 2002; Hansen et al., 2016; Skaret and Pitcher, 2016; Bentley et al., 2017). Arctic and sub-Arctic ecosystems, however, are well-known for the strong role of seafloor communities in regulating carbon cycling pathways (Kędra and Grebmeier, 2021). Based on a dynamic mass-balance model (Ecopath with Ecosim-EwE) and future warming scenarios for the Norwegian and the BS, Bentley et al. (2017) suggested that the biomasses of widely migrating pelagic species, such as mackerel and blue whiting, are expected to increase with future rising ocean temperature. There is some evidence that effects of climate variability on the ecosystem in the BS is largely through bottom-up effects on lower trophic level groups that propagate to higher trophic level groups (Johannesen et al., 2012; Dalpadado et al., 2014, 2020).
Fisheries and climate change may act synergistically with each other and/or with other anthropogenic disturbances (Fogarty et al., 2008; Hsieh et al., 2008). Exploited populations may be less resilient to climate variability than unexploited populations due to more truncated age structure and diversity in life history traits (Fogarty et al., 2008; Hsieh et al., 2008). A better understanding of how exploitation and climate variability influence the ecosystem dynamics will support management of marine resources.
Aggregating species into trophic groups may mask complex species interactions and influence calculations associated with food webs and interspecific competition (Thompson and Townsend, 2000). Therefore, to analyze trophic interactions and impacts of harvesting and climate variability in this study, we parametrized an Ecopath food web model for the BS with both Atlantic boreal and Arctic groups, and with a high resolution of lower trophic level groups. This model was evaluated and fitted to time-series of biomasses and fisheries data (catches, fishing mortalities). The main objectives of this study were to evaluate how changes in exploitation and climate have affected ecosystem structure, metrics, and properties of the BS ecosystem during the period 1950–2013. The specific aims were to; (i) quantify carbon flow pathways and production by ecological compartments, (ii) investigate whether past exploitation have reduced biomass and productivity of functional groups and led to trophic-cascade-related effects, and (iii) assess if climate variability affected the ecosystem productivity and if boreal and arctic groups were affected differently.
We will use available updated information on trophic linkages to parametrize a highly resolved Ecopath with Ecosim food web model in the time-period 1950–2013. The model was fitted and calibrated to group-specific time-series of biomasses and catches and forced by environmental drivers, such as fishing mortality, primary production, and capelin larvae mortality proxies. The effects of exploitation and climate variability was evaluated by the ecosystem metrics and properties produced by this model. We discuss how our findings may support an ecosystem based management of the BS.



MATERIALS AND METHODS


Study Area, Environment, and Data Collection

The BS is a high latitude LME, covering an area of 2.01 million km2 (Skjoldal and Mundy, 2013), extending from the Norwegian Sea and eastwards to Novaya Zemlja and northwards from the coast of Norway and Russia to about 80°N (Drinkwater, 2011; Figure 1).


[image: Map of the Barents Sea region, showing Norway, Russia, Svalbard, and Novaya Zemlya. Depths are color-coded: light gray for 0–200 meters, progressing to dark blue for depths over 3000 meters. The LME Barents Sea is outlined in red, and the polar front is marked by a blue line. The Kola transect is indicated with black dots. Key locations like Spitsbergen, Bear Island, and the Bear Island Trench are labeled.]

FIGURE 1. Map of Barents Sea large marine ecosystem. Borders of the ecosystem are shown by red lines Based on (https://www.pame.is/projects/ecosystem-approach/arctic-large-marine-ecosystems-lme-s). The Kola transect stations 3–7 for hydrographic monitoring are shown as black dots. Location of the polar front is shown by blue line.


Water circulation and currents in the BS are strongly influenced by the bottom topography. The shallowest areas are found around Spitsbergen Bank and in the southeastern part with depths <50 m (Loeng, 1991). The deepest area (deeper than 400 m) is found in the western part where the main influx of relatively warm Atlantic (T > 2°C) and Coastal (T > 3°C) waters enters the BS (Loeng and Drinkwater, 2007). Cold Arctic (T < 0°C) water penetrates the system from the east and north (Hunt et al., 2013). The Polar Front is a transition zone between the warmer boreal southern part and the colder Arctic northern part (Figure 1; Fossheim et al., 2015). During winter, the edge of the seasonal ice cover was normally found just north of the Polar Front (Smedsrud et al., 2013). The ice cover varies both seasonally and inter-annually (Wassmann et al., 2006a; Smedsrud et al., 2013), with maximum coverage typically in March-April and the minimum coverage in August-September (Drinkwater, 2011). The climatic gradient within the BS is reflected in the distribution of organisms (Andriyashev and Chernova, 1995; Jørgensen et al., 2015; Renaud et al., 2018). Boreal fish species have generally expanded northwards at the expense of arctic species during the recent warm period (Fossheim et al., 2015).

Data to parametrize, drive and evaluate the Ecopath and Ecosim models were collected from literature and published data sources from the BS (Supplementary Appendices 2, 4). In cases were data from BS were not available, data from other similar areas were used (Supplementary Appendix 2).



Model Description

The Ecopath model tracks Carbon as the mass unit to reflect the varying organic carbon content of functional groups. Organic carbon has a much stronger relationship to energy than wet mass (Salonen et al., 1976) and carbon is commonly used as unit in Ecopath models with emphasis on lower trophic levels (Tomczak et al., 2009).

The Ecopath model consist of two master equations (Christensen et al., 2005). The first equation describes how production for a FG i is split into various components

[image: Mathematical equation: \( P_i = Y_i + B_i M2_i + E_i + BA_i + P_i(1 - EE) \) labeled as equation (1).]

Equation 1 can be written as;

[image: Mathematical equation showing various terms and operations: \( B_i \left( \frac{P}{B} \right)_i = \sum_{j=1}^{n} B_j \left( \frac{Q}{B} \right)_j DC_{ji} + Y_i + E_i + BA_i + B_i \left( \frac{P}{B} \right)_i (1-EE_i) \). Labeled as equation (2).]

where Pi is the production of group i, Yi is the catch of group i, M2i is the predation mortality rate on groups i, Bi is the biomass (g C m–2), (P/B)i is the production/biomass ratio of group i, (Q/B)j is the consumption/biomass ratio of predator j, DCji is the proportion of prey group i in the diet of predator j, Yi is the catch, Ei is net emigration, BAi is the biomass accumulation and Bi(P/B)i(1 - EEi) is other mortality of group i. EEi is the ecotrophic efficiency describing the proportion of production of a group that is consumed within the model.

Within each FG i, energy balance is ensured using the equation

[image: Equation showing consumption equals production plus respiration plus unassimilated food.]

The BS Ecopath model for year 2000 comprises 108 functional groups (FG) of which 19 groups were multi-stanza groups (Table 1 and Supplementary Appendices 1–3). Multi-stanza groups contain a set of biomass groups representing life history stages or stanzas for species that have complex trophic ontogeny (Heymans et al., 2016). Species were grouped in FGs based on their similarities in diet composition, production/biomass ratio (P/B) and consumption/biomass ratio (Q/B), predators and predatory mortalities.


TABLE 1. Overview of groups for which output values from Ecopath were aggregated into major compartments.

[image: Table displaying aggregated compartments and corresponding Ecopath groups with functional group numbers in brackets. It includes categories such as Polar bear, Whales, Seals, Birds, and more. Each category lists specific species or ecological roles within that group, like Minke whale under Whales, or Northern shrimp under Shrimps. Categories extend to bacteria, phytoplankton, and detritus, presenting a comprehensive overview of ecological interactions.]


Input Data to Ecopath Models

The Ecopath model for 1950 was based on an Ecopath model for year 2000 but with biomass, fisheries, P/B and Q/B-values specific for year 1950. Less information regarding many ecological groups was available for the period around 1950 and we chose year 2000 to represent a presumably similar year as 1950 with regard to temperature, and for balancing an annual average year 2000 Ecopath model. The average temperature in the Kola-section in 2000 was similar to 1950 (4.6°C vs. ca. 4.7°C) (Dippner and Ottersen, 2001; Supplementary Figure 1). The water temperature time-series from 1951 to 2013 (average from 0 to 200 m depth, st. 3–7) from the Kola section (70°30′N to 72°30′N along 33°30′E) [source: Knipovich Polar Research Institute of Marine Fisheries and Oceanography (PINRO)]1 (Figure 1) has been considered as a good indicator for the temperature variability in the BS (Stige et al., 2010).

The annual average Ecopath model representing year 2000 was parameterized by the best available literature data (Supplementary Appendix 2). Data for biomass, catches, diet composition, production/biomass, consumption/biomass, and assimilation efficiency, were mainly derived from the BS. For data-rich groups, such as commercially exploited fish, northern shrimp and top-predators, where abundance or biomass are regularly monitored, biomass and catch time-series could be calculated (Supplementary Appendix 4 Part A,B). For less surveyed groups, diet composition and other parameters were averaged on longer time-periods. Catch data were retrieved from official statistics (ICES) and time-series from publications. After parametrizing and balancing the year 2000 model, it was modified to a year 1950-model by entering year-specific values for biomasses and catches for groups with known data and the 1950-model was balanced (Supplementary Appendix 2). The modeled and observed biomass and catch trajectories of Ecosim based on the 1950 Ecopath model as “starting point” were compared to evaluate the parametrization.

P/B was often calculated from data on total annual mortality rate (Z, yr–1) as P/B = Z (Heymans et al., 2016). Diet composition data for upper trophic levels (TL ≥ 3) FGs (fish, mammals, and birds), were mostly based on stomach analysis. When several data sets of diet composition were available for a functional group, diet proportions were averaged to provide initial input values (Supplementary Appendix 4 Part C). Diet compositions were converted from wet mass units in the original data sets to carbon mass using group specific carbon/wet mass factors (C/WW) (Supplementary Appendix 2).

To assess uncertainty in the input values for biomass, P/B, Q/B, diet and catch, pedigree scores were allocated to each input value using the system for pedigree indices integrated into EwE (Supplementary Appendix 1 Tables 1-3, 1-4). Pedigree indices are uncertainty scores assessed by the modeler for each input value in Ecopath and were based on either measured uncertainty or assessed from the type of data and the source of the input value. A 95% confidence interval is associated with each index value.



Balancing Ecopath Models

The BS ecosystem is a well-studied and ecological knowledge has accumulated. The Ecopath modeling allows us to evaluate the compatibility of the input data and identify uncertainty in the input data and in the model output because if the Ecopath model is unbalanced, the input data are not compatible. Before and after balancing the Ecopath models, the pre-balance procedure (PREBAL) was used to check if input values were within accepted ecological constraints (Link, 2010; Supplementary Appendix 4 Part D). Biomass, Q/B and P/B decreased with increasing TL, except for some mammals and bird groups that have high Q/B-values.

Balancing the Ecopath models was done manually by checking that EE ≤1 for the mammal, bird and fish groups where biomass input data were available. For groups where the biomass was estimated by the Ecopath model from consumption by its predators and catches, it was checked that biomass values were within the range reported in the literature (Supplementary Appendix 2). Gross efficiencies (P/Q) were checked to be in accordance to the literature, and it was checked that respiration/assimilation were <1. The models were constructed using version 6.6.3.16996 of EwE.2 To simplify presentation of model results, some output values were presented for aggregated compartments (Table 1).



Dynamic Simulations Using Ecosim

A dynamic Ecosim model was constructed based on the 1950 Ecopath model. In Ecosim, the biomass growth rate of functional group i is expressed as

[image: Equation displaying the rate of change of biomass, \( \frac{dB_i}{dt} = \left(\frac{P}{Q_i}\right) \sum Q_{ji} - \sum Q_{ij} + I_i - (M_i + F_i + e_i)B_i \).]

Where (P/Q)i is the gross efficiency, Mi is the natural mortality not caused by predation, Fi is the fishing mortality rate, Ii is the immigration rate, ei is the emigration rate and Bi is the biomass (Coll et al., 2009). The consumption rates in Ecosim (Qji) are based on the “foraging arena theory” where the biomass of prey i is divided into a non-vulnerable and a fraction that is vulnerable to predation (Walters and Korman, 1999) and vulnerabilities (vij) express the maximum increase in predation mortality when predator abundance is high. Vulnerabilities (vij) and a number of other parameters affect consumption rate (Qij) of a group i preyed by a predator j (Christensen et al., 2005).

[image: Equation labeled (5) showing a formula for \( Q_{ij} \). The expression is a fraction. The numerator is \( a_{ij} v_{ij} B_{i} P_{j} T_{i} T_{j} S_{ij} M_{ij}/D_{j} \). The denominator is \( v_{ij} + T_{i} + M_{ij} + a_{ij} M_{ij} P_{j} S_{ij} T_{j}/D_{j} \).]

Where aij is the effective search rate on a prey j, Ti is the relative feeding time of prey, Tj is the relative feeding time of the predator, Sij is a seasonal or long-term forcing function, Mij is a median function and Dj represent effects of handling time.

Low vulnerabilities close to 1.0 are associated with a low increase in predation mortality when predator biomass increase and vice versa for high vulnerabilities. In Ecosim, the additional parameters that limit the consumption rates (Eq. 5) (Christensen et al., 2005) were set to default values during the simulations.



Ecosim Time-Series Fitting, Model Calibration, and Cross-Validation

In fitting and calibrating ecological models, there is a potential risk of overfitting models (Wenger and Olden, 2012). To evaluate Ecosim models, the model fit to time-series data, model behavior and the model’s ability to predict a part of the time-series not used in the fitting (cross-validation) were considered. We performed a cross-validation where the available time-series were split into a part (ca. 75%) used for model fitting (1950–1996) and a part used for testing the predictability of the models (1997–2013) (Bergmeir and Benítez, 2012; Wenger and Olden, 2012). A model’s ability to predict for a time-period not used in fitting informs about its transferability. Transferability has been emphasized as an important aspect of model evaluation and cross-validation has been suggested as a method to assess transferability and reduce risk of overfitting (Wenger and Olden, 2012).

Ecosim models were fitted to time-series for the period 1950–1996 and calibrated by estimating predator-prey vulnerabilities (vij). The number of vulnerabilities that can be estimated is equal to the number of independent time-series minus one (Scott et al., 2016). A common approach in Ecosim calibration/fitting to time-series has been to fit a spline-function which is considered a proxy for primary production, and then relate this spline function to environmental proxies, such as NAO-indices and water temperature (Skaret and Pitcher, 2016; Bentley et al., 2017). However, we found it more appropriate to include a well-documented relationship for PPR as an environmental driver. Before the Ecosim model was fitted to time-series, the time-series were categorized into “forcing” (forcing the model to time-series values), “absolute” (absolute values were used), “relative” (relative values, such as catch per unit effort were used). A total of 84 time-series were used as input in the time-series fitting, including time-series on absolute biomass (n = 32), relative biomass (n = 15), forced biomass (n = 3), forced catch (n = 9), catches (n = 9), fishing mortality (n = 14), harvesting effort (n = 2). This amounts to a total of 56 time-series on absolute and relative biomasses and catches that were used to calculate sum of squares and a potential maximum of 55 vulnerabilities could be fitted. A lognormal error distribution was assumed minimizing the sum of squares of log observed values from log modeled values (Christensen et al., 2005). There were equal weights of each time-series, thus the absolute scale of time-series values did not influence the sum of squares. The mesozooplankton biomass time-serie mainly comprising the FGs medium sized copepods, large calanoids, and small copepods, was not used in the fitting but was compared to the model output of the sum of biomass of its FGs. In addition, various environmental time-series were used as driving forces for the model (Supplementary Appendix 4 Part A,B).

An automatic step-wise fitting procedure was used to calibrate the Ecosim-model to observed time-series for biomass fishing mortalities and catches (Scott et al., 2016). This procedure statistically estimates how much fishery time-series, trophic interactions (predator-prey vulnerabilities) and environmental time-series contribute to model fit. The stepwise fitting procedure constructs a series of model permutations with increasing number of estimated vulnerabilities (v) and determines which combination of vulnerabilities gives the best statistical fit using sums of squares (SS) and Akaike’s Information Criterion modified for small samples (AICc) as criteria to select the most parsimonious model (Akaike, 1974; Kletting and Glatting, 2009).

The fitting and model evaluation procedure include several steps. (i) The sensitivities of SS for the chosen number of model vulnerabilities for each predator-prey interaction or predator were calculated and FGs with the highest sensitivities were selected. (ii) It was searched iteratively for values of vulnerabilities among the selected vulnerabilities to minimize the SS for the period 1950–1996. (iii) Plots of model-fitted and observed time-series of biomasses and catches and SS for separate FG were visually inspected to evaluate model fit to observation data and assess if the model behavior was credible (Mackinson, 2014; Heymans et al., 2016). To assess the effects of fisheries, environmental drivers and trophic factors (vulnerabilities), alternative models were tested. Alternative models were fitted without fishery data (baseline models with no catch or fishing mortality), with fisheries data and environmental forcing time-series and with and without estimating vulnerabilities resulting in a SS and an AICc-value per model. (iv) In the model prediction runs for the period 1997–2013, the predictability of models was assessed by calculating the SS for model output biomass and catches and the corresponding observed data.

To assess the effect of climatically forced phytoplankton primary production (PPR), in Ecosim, two alternative forcing time-series were tested; a constant PPR-proxy and a PPR-proxy based on the relationship between phytoplankton primary production and open-water area (Supplementary Appendix 4 Part A). A capelin larvae mortality proxy was calculated based on the relationship between biomass of small herring and capelin larvae mortality rate (Supplementary Appendix 4 Part A) and the proxy was used to force mortality rates of capelin (0–2) in model fitting.

The possible effects of change in ice-coverage on ice-algae primary production were tested by modifying model M10 by forcing ice-algae biomass directly by the ice-cover in a model M11 run (Supplementary Appendix 4 Part A) for the period 1950–2013, and the results from model M11 were compared to model M10 without forcing of the ice-algae. To test if the invasive red king crab and the expanding snow crab may have affected the ecosystem, models with snow-crab and red king crab groups were run for the period 2000–2013 (Supplementary Appendix 4 Part E). The year 2000 model with 26 estimated vulnerabilities from model M10 was run with (model M12) and without (model M13) forcing by observed crab biomass time-series (Supplementary appendix 4 Part A), and the output biomasses from the Ecosim models were compared.



Monte Carlo Simulations and Model Evaluation

For model(s) considered to have most support assessed by the stepwise fitting for the period 1950–1996, inspection of model behavior and test of predictability for the period 1997–2013, Monte Carlos simulations (MCS) were run to assess uncertainty in output values from Ecopath and Ecosim. In the MCS, input values were randomly sampled from uniform distributions with the width of the distributions corresponding to pedigree-specified input uncertainty level for biomasses, P/B and Q/B values (Supplementary Appendices 1, 2), and the MCS routine included 200 successful trials with balanced models. Each trial had up to 10,000 runs where Ecopath input parameter values were drawn and it was tested if the resulting Ecopath model was balanced. To evaluate uncertainty and compare model outputs with observed data, the 0.025 and 0.975 percentiles of the MCS outputs were calculated.

To evaluate the model fit, Taylor diagrams were used to simultaneously visualize the correlation (Pearson) between observed and modeled time-series, the root-mean-square difference (RMS) and the ratio of the standard deviations of the simulated and the observed time-series (RSD) (Taylor, 2001).



Ecosystem Indicators

It has been advised to use a variety of indicators at the community level to detect ecosystem impacts of fishing (Fulton et al., 2005). The indicators should include groups directly impacted by the fishery, charismatic groups with slow dynamics and response (e.g., mammals) and groups with fast dynamics and response (e.g., zooplankton). We calculated several indicators to assess effects of harvesting and the ecosystem states and changes during the time period 1950–2013 (Table 2).


TABLE 2. List of indicators at ecosystem and functional group level.

[image: A table displays indicator names, types, and levels related to ecosystems and fisheries. Indicators include total biomass, production, consumption, and various trophic and fishery metrics. Types are composite, trophic, and fishery. Levels are ecosystem and functional group. A note explains indicator categorization based on expected effects.]
The trophic levels of catches and ecosystem biomass may be affected by fisheries and have been used as indicator for ecosystem changes, with both expected to decrease in response to size-selective exploitation (Branch et al., 2010). Ecopath calculates trophic level (TL) of the FGs, catches and various indices based on TL. The TLj of each predator group j was calculated using the equation:

[image: Mathematical equation labeled as equation six: \( TL_j = 1 + \sum_{i=1}^{n} DC_{ij} TL_i \).]

Where DCij is the proportion of prey i in the diet of predator j and TLi is the trophic level of group i. In Ecopath it is assumed that all the detritus groups have trophic level 1.

Trophic transfer efficiency calculated for a given trophic level is the ratio between the sum of exports plus the flow that is transferred from one trophic level to the next and the throughput on the trophic level (Christensen and Walters, 2004).

The sum of all direct and indirect effects of a FG on the food web were quantified applying mixed trophic impacts (Heymans et al., 2014). The mixed trophic impact mij of a group is the product of all net impacts for all possible pathways that link groups i and j (Christensen and Pauly, 1992; Libralato et al., 2006). The total impact of each ecological group ei is calculated as

[image: Mathematical equation showing \( e_i = \sqrt{\sum_{j \neq i}^{n} m_{ij}^2} \), labeled as equation (7).]

A modified variant of the Kempton diversity index (Kempton Q) has been developed and implemented in EwE to measure the effects of fishing or climate on species in whole ecosystem models. Kempton Q express biomass diversity of groups with TL ≥3 and was expected to decrease with ecosystem degradation (Ainsworth and Pitcher, 2006; Steenbeek et al., 2018).

Production of each functional group over the modeled time period was calculated and total ecosystem production/biomass ratio and P/B-ratio of non-primary producers FGs and of harvested FGs were calculated. These P/B-ratios were expected to increase if high exploitation intensity decreases the proportion of long-lived exploited FGs biomass to total ecosystem biomass. The fishing mortality rate (F, year–1) for each exploited FG on a biomass basis (F = Y/B) was calculated as the ratio of annual catch yield (Y, g C m–2 year–1) and biomass (g C m–2). Fishing mortality is strongly positively related to fishing effort. The ratio of annual catch yield to annual production (Y/P = catch yield/production) will be used an indicator for intensity of exploitation of exploited groups (Mertz and Myers, 1998). The optimal FG specific exploitation rate (Y/P) that correspond to maximum sustainable yield from single stock considerations have been assessed to be about or slightly below 0.5, i.e., approximately equal fishing and natural mortality rate (Patterson, 1992; Zhou et al., 2012).




RESULTS


Model Parametrization, Evaluation, and Fitting of Ecosim Models

Initially in the balancing procedure, production of pelagic fish prey was less than consumption (i.e., EE > 1.0) in the year 2000 and 1950 models, and the biomass values for capelin and polar cod had to be increased relative to initial values (Supplementary Appendices 2, 4 Part F) to balance the models. In the balancing of the 1950-model, biomass values and total mortality rates for the small herring, capelin and polar cod were increased relative to the initial values to balance the need for prey (Supplementary Appendix 4 Part F). Most FGs except for the mammal and bird groups in the balanced year 2000 and 1950-models had relatively high EE’s indicating that most of the production from most groups were consumed by groups within the model.

All models fitted to time-series for the 1950–1996 time-period without estimated vulnerabilities (M1, M3, M5, M7, and M9) had higher AICc and poorer fit than the corresponding models with estimated vulnerabilities (M2, M4, M6, M8, and M10) (Table 3). Among the former models, the baseline model M2 fitted without fisheries data had much higher AICc than the models (M4, M6, M8 and M10) fitted to fisheries data and with estimated vulnerabilities (Table 3). The two models (M8 and M10) with estimated vulnerabilities and forced by the capelin (0–2) mortality proxy had lower AICc-values than models (M4 and M6) fitted without the mortality proxy (Table 3). Model M10 forced by PPR-proxy and with 26 estimated vulnerabilities had higher AICc than model M8 forced by constant PPR with 51 estimated vulnerabilities. However, model M10 with 26 vulnerability values had lower prediction SS (SS for the prediction period 1997–2013) than M8 which had far more (n = 51) estimated vulnerabilities. Time-series of model biomasses from exploited fish groups for models forced by the PPR-proxy had a more U-shaped trend during the period 1950–2013 than for models forced by constant PPR.


TABLE 3. Overview of sum of squares for fit (1950–1996) and prediction (1997–2013) for alternative Ecosim models.

[image: A table comparing models from 1950 to 2013, showing data for models M1 through M10. It displays "No Vs," "Total SS," and "AICc" for fitting from 1950–1996. Prediction data from 1997–2013 includes "Total SS" and "SS non-fisheries." Notable figures are bolded for models M1 and M2, with significant SS differences post-1997. The caption describes models fitted for the biomass and environmental drivers, explaining abbreviations SS and AICc.]
For M10, all trophic interactions with estimated vulnerabilities included at least one mammal or fish groups with time-series (Supplementary Table 1). Most (n = 18) of the 26 fitted vulnerabilities were low (vulnerability values < 2) indicating bottom-up effects, and the high vulnerabilities indicating top-down effects were estimated for interactions with top-predators; minke whale, harp seals, Northeast Arctic cod (3+), coastal cod (2+), saithe (3+), and long rough dab (Hippoglossoides platessoides) (Supplementary Table 1). For M8 with 51 estimated vulnerabilities, 29 vulnerabilities were >>2 (Supplementary Table 2) and many estimated vulnerabilities were from trophic interactions with lower trophic level groups without time-series for biomass or catch. Further results presented were based on the M10 model since it had the lowest prediction SS (Table 3).

For the model M10 forced by PPR-proxy and small-herring induced mortality on capelin larvae, modeled biomass time-series for most high trophic level (TL > 3) groups [minke whales, harp seals, Northeast Arctic cod (3+) and saithe (3+)] corresponded well with the observed time-series (Figure 2). For haddock (3+), the modeled biomass was lower than the observed biomass after ca. 2005 (Figure 2). Modeled (M10) and observed time-series for the boreal fisheries-exploited FGs Northeast Arctic cod (3+), minke whale, large redfish, large Greenland halibut and saithe (3+), had relatively high (Spearman rs > 0.46) positive correlations with modeled values for the period 1950–2013. In contrast, harp seal and pelagic amphipods, had negative correlations (Figure 3). Capelin groups and polar cod (2+) had moderate (rs from 0.40 to 0.65) positive correlations with modeled values, while polar cod (0–1) and haddock (3+) had no or very low (rs from 0.0 to 0.06) correlation to modeled values. The ratio of standard deviations showed that the observed time-series of haddock (3+), Scyphozoa, pelagic amphipods and Thysanoessa had high temporal variability and were not highly correlated with the modeled values. Observed time-series of long rough dab and northern shrimp (not shown in Figure 3) also had relatively high temporal variability.


[image: A grid of line charts displays the biomass trends from 1950 to 2010 for various marine species, including Minke whale, Harp seal, Northeast Arctic cod, Haddock, Saithe, Coastal cod, Greenland halibut, Redfish, and Capelin. Each chart shows biomass on the vertical axis in grams of carbon per square meter with a blue trend line and shaded confidence interval. Most species depict fluctuating patterns over time, with noticeable peaks and troughs.]

FIGURE 2. Biomass (g C m–2) changes for functional groups during 1950–2013 for modeled (model M10, continuous blue line) and observed (circles, absolute biomasses; triangles, relative biomasses). Blue line shows mean value and blue bands shows 2.5 and 97.5 percentiles from 200 Monte Carlo replicates.



[image: Taylor diagram showing correlation coefficients versus standard deviation and centered RMS difference. Data points labeled with codes like NC2, HS, and MW are plotted as red dots. Concentric arcs and radial grid lines assist in visualizing statistical relationships.]

FIGURE 3. Taylor diagram showing correlation (Pearson r), residual mean square (RMS), and ratio of the standard deviations (scaled) of model simulated (model M10) and observed time-series. Reference point where observed is equal to modeled values is shown by green square. Symbol labels; minke whales (MW), harp seals (HS), Northeast Arctic cod 3+ (NA3), coastal cod 2+ (NC2), saithe 3+ (SA3), haddock 3+ (HA3), large Greenland halibut (GH), large redfish (RFL), capelin 3+ (CA3), capelin 0–2 (CA0), Polar cod 2+ (PC2), polar cod 0–1 (PC0), lumpfish (LF), pelagic amphipods (PA), Thysanoessa (TH), and Scyphomedusae (SC). Groups with higher variability in observed than in modeled time-series, such as haddock age 3+, Thysanoessa, pelagic amphipods, and Scyphomedusae are positioned close to zero scaled deviation ratio.


In the models (M1-M6) lacking mortality forcing on capelin (0–2), the capelin groups in the Ecosim model did not follow the large observed changes from the early 1980s onwards with a large decrease in biomass 1985 and later periodical ups and downs (Figure 2). For the polar cod groups, the modeled biomasses were larger than the observed and the peaks in observed polar cod group biomasses around 2006 was not reproduced by the model which predicted increases in biomass (Supplementary Figure 2).

For northern shrimp, model M10 did not reproduce the peak in observed biomass around 1980, but both model and observed biomass had similar increasing trends after 1990 (Supplementary Figure 2). Biomasses of other pelagic lower trophic level groups, such as Thysanoessa and medium-sized copepods, had more complex temporal variability. Both the modeled Thysanoessa and the observed krill time-series showed an increasing trend during the period 1990–2013, but the simulated biomass time-series did not track the relative large year-to-year changes in the observed krill biomass indices (Supplementary Figure 2). The Russian and Ecosystem survey time-series for krill biomass, were moderately positively correlated for the time period (1980–2005) of overlapping measurements (Spearman rs = 0.39, P = 0.05).

The modeled biomass for medium-sized copepods and large calanoids had increasing trends after ca. 1995 contrasting the relative stable biomass in the observed mesozooplankton biomass time-series (Supplementary Figure 2). Modeled biomass trends during 1950–2015 for many lower trophic level (TL < 3) groups, i.e., detritivorous polychaetes and large bivalves, showed a similar U-shaped trend as the PPR-proxy with a slight dip in the cold period from 1960 to 1980 (Supplementary Figure 2). The long-lived groups, such as large bivalves and large epibenthic suspension feeders had smoother biomass trajectories and showed a more pronounced U-shape than groups with higher P/B and shorter lifespan, such as detritivorous polychaetes.

The comparison of models with (M11) and without (M10) forcing of ice-algae biomass and production showed that sympagic amphipods were strongly negatively affected by the reduction in ice-coverage after year 2000 (Supplementary Appendix 4 Part G). There were much smaller effects on other groups that fed on ice-algae or ice-algae detritus, but noticeable positive effects of high ice-algae production in the cold 1960–1980 period were found for biomasses of ringed and bearded seals, little auk, and Brünnich’s guillemot. Effects of variable ice-algae production on polar-cod, pelagic amphipods and harp seals were small.

The increase in red king crab and snow crab in the crab-biomass-forced model M12 affected relatively few groups in the comparison to model M13 without crab-biomass forcing (Supplementary Appendix 4 Part E). The magnitude and direction of the effects were closely related to the importance of snow and red king crab in the diet of predators, and the importance of prey groups in the diet of the crab groups. Increasing snow crab and red king crab biomass in model M13 led to a positive effect on predator biomass (e.g., Northeast Arctic cod 3+) and negative effects for crab prey (Supplementary Appendix 4 Part E).



Food Web Structure and Major Flow Pathways

Trophic levels in the BS ecosystem ranged from 1 for primary producers to 5.1 for Polar bear in the year 2000 and 1950 models (Supplementary Appendix 4 Part F). Total biomass, production, consumption and total system throughput were slightly (0.1–11%) lower in the 2000 than in the 1950 model (Table 4). In the year 2000 model, the total ecosystem biomass (13.7 g C m–2) was mainly comprised of biomass from detritivorous benthic invertebrates (5.3 g C m–2), phytoplankton (2.0 g C m–2), other herbivorous zooplankton (1.5 g C m–2) and krill (1.1 g C m–2) (Supplementary Table 4). Atlantic cod, the main fishery target, had a biomass of 0.10 g C m–2.


TABLE 4. Overview of ecosystem metrics for the year 1950 and 2000-Ecopath models.
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The total ecosystem production was 167 g C m–2 yr–1 with major contributions from the primary producers: phytoplankton (110 g C m–2 yr–1) and ice algae (5.3 g C m–2 yr–1). At trophic levels between 2 and 3, the main producers were the aggregated compartments microzooplankton and HNAN (19.1 g C m–2 yr–1), bacteria (16.1 g C m–2 yr–1), other herbivorous zooplankton (8.2 g C m–2 yr–1), krill (2.7 g C m–2 yr–1) and detritivorous benthic invertebrates (3.1 g C m–2 yr–1). At higher trophic levels (TL > 3), major producers were capelin (0.45 g C m–2 yr–1), other planktivorous fishes (0.44 g C m–2 yr–1) and shrimps (0.17 g C m–2 yr–1). Other demersal and benthic fish had a production of 0.17 g C m–2 yr–1) and cod had a production of 0.08 g C m–2 yr–1. Polar bear, whales, seals, cod, other demersal and benthic fishes, capelin and the zooplankton groups had somewhat higher biomass, production and consumption in the 1950 that the 2000 model (Supplementary Figure 3).

Four major pathways for carbon flow from lower to higher trophic levels were evident for the year 2000 model (Figure 4); the microbial food web pathway, the copepod pathway, the krill pathway and the benthic invertebrate pathway. With regard to the importance as prey, the krill compartment comprised of the FGs Thysanossa and large krill had the most (n = 8) major prey flows (i.e., among the three largest flows to a predator compartment from prey compartments) (Figure 4). Pelagic planktivorous fishes, herbivore zooplankton, and detritus had the second most connections with predator compartments with five major flows. Whereas, krill had major flows to five top-predator compartments, the herbivorous zooplankton compartments had only one major flows to a top-predator compartment (Figure 4).
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FIGURE 4. Carbon flows between aggregated major compartments based on the Ecopath model for year 2000 with four major pathways for carbon flows from lower to higher trophic levels. (i) the microbial food-web pathway (violet lines), (ii) the copepod pathway (yellow lines), (iii) the krill pathway (red lines), and (iv) the benthic invertebrate pathway (brown lines). Functional group outputs are aggregated according to Table 1. Thick lines shows major flows, i.e., among the three largest flows to each aggregated compartment. Thin lines shows smaller flows. “H” in circles indicate harvested compartments.


The diet matrix of the year 2000 -model including the snow-crab and red king crab groups had a total of 1,029 feeding interactions and a connectance index of 0.095. The FGs with most groups (n) preying on them were; Thysanoessa (n = 43), pelagic amphipods (n = 35), small herring (n = 33), medium sized copepods (n = 31), capelin age 0–2 (n = 30), and northern shrimp (n = 29).

The five FGs with highest total trophic impact (see Eq. 7) in the year 2000 model were; (1) diatoms, (2) polar cod (2+), (3) Thysanoessa, (4) medium sized copepods and (5) small benthic molluscs (Figure 5). These FGs had contrasting trophic impacts depending on their trophic position (Figure 5). Diatoms had a positive impact as food source for many lower trophic level FGs and had a much larger impact than autotrophic flagellates, the other phytoplankton group (Figure 5). Medium sized copepods and large calanoids had a positive impact as prey for planktivorous fishes and pelagic predatory groups (chaetognaths, cephalopods, Ctenophora, scyphomedusa, and northern shrimp). The krill groups also had a strong positive impact as prey for demersal fishes, some bird groups and several whale and seal FGs (Figure 5). However, the krill groups also had negative impact on some other planktonic invertebrate groups. Capelin and polar cod had positive impacts as prey for demersal fish FGs, seals and some whale groups, and negative impacts as predators on krill, the copepod groups and other pelagic zooplankton FGs (Figure 5). Northeast Arctic cod (3+) had negative impacts as predator on several other fish FGs and positive impact as prey for Greenland shark and dolphins (Figure 5). Northeast Arctic cod also had negative effects on seal and fish FGs that shared prey with cod (Figure 5).
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FIGURE 5. Mixed trophic impact for the year 2000-model. Mixed trophic impacts are shown from the 30 ranked functional groups with highest total impact (column names) on 50 selected impacted functional groups (rows).


Trophic levels estimated by our Ecopath model for year 2000 differed considerably from previously published TL-values from mass-balance models for the BS (Supplementary Table 3). TL-values from our model were on average higher (0.14 and 0.25) than the trophic levels from Dommasnes et al. (2002) and Berdnikov et al. (2019) and lower (–0.21 and –0.25) than the TL’s from Blanchard et al. (2002) and Bentley et al. (2017).



Temporal Variation in Ecosystem Properties and Effects of Exploitation and Climate Variability

The total catch in the BS peaked in the late 1970s mainly driven by the large catches of capelin (Supplementary Figure 5). The catches of mammals decreased during the 1950s and 1960s, stabilized during 1965–1990 and decreased to low levels after 2005 (Supplementary Figure 5). Catches of cod had a decreasing trend from the 1950s and reached a minimum in the period from 1980 to 1990 and then increased to 2013. Other demersal fishes had a peak in the 1970s due to large catches of redfish and Greenland halibut, and had an increase after year 2000 (Supplementary Figures 5, 6).

The trend in the PPR-proxy showed an U-shaped trend with low values in the 1960–1980s (Supplementary Figure 1). Similar U-shaped biomass trends were evident for mammal and birds, total fish biomass, demersal fishes, pelagic invertebrate, and benthic invertebrates group (Supplementary Figure 4). Total biomass of the ecosystem decreased from 1950 to the lowest values around 1970 and thereafter increased toward 2013 (Supplementary Figure 4). In contrast to biomass trends of most other groups, pelagic fish biomass was highest in the period 1970–1980 largely driven by the high capelin biomass at this time.

The Kempton’s diversity index Q changed moderately during 1950–2015 but had lower values at the end of the time-period than in the beginning (Figure 6). Ecosystem P/B for non-primary producing FGs showed a modest increase in the 1970–1980s, but there was a clear peak in P/B for harvested FGs in the 1970–1980s. Trophic level of the catch (TLc) decreased from 1950 to 1985 followed by three periods of ups- and downs corresponding to periods of opening and closure of the capelin fishery (Figure 6).
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FIGURE 6. Overview of changes in ecosystem indicators from Ecosim model M10 with Monte Carlo simulations. (A) Trophic level of catch, (B) Kempton’s diversity index Q, (C) total system production/biomass ratio of non-primary producer functional groups, (D) production/biomass ratio based on sum of production and sum of biomass of harvested functional groups. Blue line shows mean value and blue bands shows 2.5 and 97.5 percentiles from 200 Monte Carlo replicates.


Patterns over time for catches and fishing mortalities (F = Y/B) varied substantially between FGs and for Polar bear, minke-whale, harp seals and small herring, catches and catch as proportion of production (Y/P) showed decreasing trends after 1950 (Figure 7 and Supplementary Figures 6, 7). For large Greenland halibut, large redfish, polar cod (2+), northern shrimp and capelin (3+), catches and (Y/P) rose rapidly during the 1970s followed by decreasing trends. Catches of the large gadoids; the Northeast Arctic and coastal cod groups, haddock and saithe, showed temporal variability with low catches in the 1980’s. Y/P for these FGs peaked in the period 1970–1980 and were relatively low after 1980 (Figure 7). Y/P were above 0.5 in periods for all exploited FGs except for Northern shrimp and Polar cod (2+) that had low fishing mortalities and low Y/P’s (Figure 7 and Supplementary Figure 7).
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FIGURE 7. Changes in ratio of catch to production (Y/P) of exploited Ecopath groups during the period 1950–2013. Based on data from M10 Ecosim model. Blue line shows mean value and blue bands shows 2.5 and 97.5 percentiles from Monte Carlo replicates.





DISCUSSION


Main Findings

Intense harvesting had clear negative effects on the biomasses of exploited and long-lived high trophic level FGs, such as mammals, large gadoids, Greenland halibut and redfish. Decrease in fishing pressure the later years contributed to increases of biomasses for many higher trophic level FGs, indicating a recovery period. An increase in primary production after ca. 1990 due to reduced ice-coverage and larger open water area had a positive impact on production and biomass of boreal FGs at all trophic levels.



Model Evaluation and Fitting to Time-Series

The Ecopath models initial values for biomass and production of capelin and polar cod in year 2000 and 1950 did not match the consumption demand from predators and biomasses had to be increased to match the consumption demand. This could be due to underestimation of capelin and polar cod stocks as shown in previous studies (Gjøsæter et al., 1998; Hop and Gjøsæter, 2013). An alternative explanation for the apparent production-consumption mismatch may be that the consumption on planktivorous fish has been overestimated due to bias in the diet composition of predators. Diet data for most predators except for Northeast Arctic cod were not adjusted for possible prey-group-specific differences in digestion rates. Since large fish prey are more slowly digested than smaller prey (Salvanes et al., 1995), predator diet proportions of pelagic fishes may have been overestimated relative to smaller invertebrate prey.

The cross-validation procedure revealed that the model (M8) with fisheries and capelin mortality proxy and constant primary production had a better fit and lower AICc for the fitting period but higher sum of squares for the prediction period than for the model M10 with ice-coverage forced primary production. This led to the conclusion that M10 was the model with most support and this model showed an effect of increasing PPR especially in the last part of the period 1950–2013.

The moderate effects of including snow crab and red king crab FGs in the year 2000 model run with forced biomasses of red king crab and snow crab from year 2000 to 2013 suggest that these FGs were unlikely to have a major effect at the whole ecosystem level during the studied time-period. For red king crab which has a coastal distribution in the southern part of the BS, strong effects on local and regional scale on the bottom fauna have been described (Oug et al., 2011), and similar effects may be expected following ongoing the snow crab expansion.



Comparison With Other Studies

There was a good correspondence between trophic levels estimated for 83 FGs in the Ecopath model for year 2000 and for independent data on trophic levels and δ15N from stable isotope data from the BS (Pedersen in prep.). The differences between trophic levels estimated by our and other mass-balance models for the BS may be due to between-model differences in group structure and diets of dominant FGs.

Values for biomass, production and consumption of seals, krill, mesozooplankton, and bacteria differ substantially between our model and those published earlier for the BS (Supplementary Table 4). The twice as high food consumption from seals in our model compared to values given by Sakshaug et al. (1994), was mainly due to lower Q/B-values used by Sakshaug et al. (1994). Further, production from krill in our year 2000 Ecopath model was about twice that given by Sakshaug et al. (1994). For both krill groups, we used a higher P/B than Sakshaug et al. (1994) (2.5 vs. 1.5 yr–1). Production by bacteria in our model was less than 25% of the value given by Sakshaug et al. (1994) and both Sakshaug et al. (1994) and Berdnikov et al. (2019) used much higher P/B-values for bacteria (125–200 year–1) than in our model (21.2 year–1). The P/B values for the mesozooplankton, benthic invertebrate and meiofauna FGs in our model were much lower than the values from Blanchard et al. (2002; Supplementary Table 4). Our Ecopath model values for P/B for other herbivore zooplankton including copepods were somewhat higher than estimates derived from other models for Calanus. That our year 2000 model had a lower ecosystem P/B than the 1997 model by Blanchard et al. (2002) (P/B = 12.2 vs. 15.9 year–1) is likely caused by the lower P/B-values for several low trophic level FGs in our model (Supplementary Table 4). Differences in ecosystem P/B-values are likely to affect how fast the Ecosim models react to perturbations and such effects should be further investigated.



Ecosystem Structure and Major Carbon Flow Pathways and Compartments

The four dominant carbon flows pathways (microbial food web, copepod, krill, and benthic invertebrate pathways) differed regarding P/B of their contributing FGs and their functions as prey sources. The carbon flows within the microbial food web with high P/B and high turnover merges with the krill and copepod pathway and “hitch-hikes” to higher trophic levels. Microzooplankton made up large proportions (10–32%) of the diets of medium zooplankton, large calanoids, small copepods and Thysanoessa in the model, which is consistent with previous studies suggesting a substantial flow from the microbial food web to higher trophic level pelagic FGs in the BS (Hansen et al., 1996; De Laender et al., 2010).

The importance of the copepod pathway was indicated by the high total impact ranks of medium sized copepods and large calanoid copepods, mainly resulting from impacts as prey for planktivorous fish FGs and pelagic carnivorous invertebrate FGs, but also impacts as consumers of microzooplankton and phytoplankton. Copepods are also major prey for early fish stages. In contrast to the krill pathway, the copepod pathway had less direct impact as prey for birds and mammals except as prey for little auks and bowhead whales (Supplementary Appendix 4 Part C).

The krill pathway contributed to an energy-efficient carbon flow to higher trophic levels and top-predators as seen in other ecosystems (Murphy et al., 2007; Ruzicka et al., 2012). The fact that the krill groups were important as prey, but also as a predator and potential competitor for other zooplankton FGs, suggest that krill may have a wasp-waist function in the BS food web. The increase in biomass of krill and corresponding increase in proportion of krill in the diet of age 1–2 year cod after 1984 (Bogstad et al., 2015), suggest increased importance of krill during the last part of the time period. Advection of krill from the Norwegian Sea to the BS was found to be more prominent in warm years (Orlova et al., 2015), and is likely to have contributed to the increased importance of krill in the BS during the warming period.

The detritus-based benthic invertebrate pathway transports carbon to predatory benthos FGs, demersal and benthic fish and also some birds and mammals FGs. Field-based production estimates for macrobenthos for the BS are scarce and uncertain, but local estimates of production range from 0.1 to 20 g C m–2 year–1 (Kędra et al., 2013, 2017). Despite the uncertainty, P/B’s (<1.0 year–1) of the macrobenthos FGs were much lower than for krill and copepods (P/B of c. 2.5–6 year–1) at similar trophic level. Thus, compared to the pelagic pathways, the benthic invertebrate pathway is a “slow” energy channel with low turnover but high biomass (c. 5 g C m–2). The presence of pathways or “channels” with different turnover rates and P/B-values may enhance stability in ecosystems (Rooney et al., 2006). Our study emphasize the multi-pathway structure in the BS with a fast partly detritus based microbial food web, a slower pelagic krill pathway in addition to the copepod and benthic invertebrate pathway.

Our model confirms the importance of pelagic planktivorous fish, such as capelin as prey and cod as top-predator emphasized in previous studies (Bogstad et al., 2015). However, in our model, the aggregated compartments “other demersal and benthic fishes” comprising 18 FGs had a total biomass, production and food consumption that was about the twice that of cod in the year 2000 model (Supplementary Table 4). That the consumption of fish by this aggregated compartment was similar to cod indicates a potential for top-down effects from FGs in this compartment and potential for significant competition with cod (Supplementary Table 4).



Effects of Harvesting

Fishing had a major impact on the BS ecosystem during the study period 1950–2013 as indicated by model M10 with predicted biomasses that corresponded well to the observed biomasses of most of the boreal and historically most exploited FGs, including during the latest time period (1996–2013). Optimal exploitation rates (Y/P) depend on life history characteristics, but for fish stocks, optimal Y/P are suggested to be equal to or slightly below 0.5, i.e., fishing and natural mortality being similar (Patterson, 1992; Zhou et al., 2012). The observation that most FGs targeted by the fishery in the BS showed periods when Y/P were larger than 0.5 indicates overexploitation. This is in general accordance with results from single stock assessments (Gjøsæter, 1998; Nakken, 1998; Toresen and Østvedt, 2000). For several fish stocks, especially the long-lived demersal stocks of Greenland halibut, redfish and Northeast Arctic cod, the increases in fishing mortality in the BS from the 1950s to 1970–80s were evident both in the Ecosim-modeled and observed biomass time-series derived from single-stock assessments (Bowering and Nedreaas, 2000; Johannesen et al., 2012). The increase in ecosystem P/B of harvested FGs in the period of highest fishing mortality support that exploitation had a notable effect on ecosystem structure.

Fishing effort and catches increased rapidly after 1945 (Nakken, 1998), and the Norwegian spring-spawning herring was the first fish stock to collapse due to overfishing in the 1960’s (Toresen and Østvedt, 2000). The adult part of this stock is mainly distributed and harvested in the Norwegian Sea, and after the collapse, fishery on juvenile herring which has its major nursery area within the BS was closed in 1971. Following the stock collapse of herring, the capelin fishery expanded in the late 1960s and the 1970s. From the mid-1980s, the BS capelin experienced a series of stock collapses and the variability in total fish catches in the BS and our results show that the trophic level of catches was mainly driven by the state of the capelin fishery. After 1991, the capelin fishery was only open in years when the expected spawning stock was higher than a level estimated by probabilistic assessment accounting for predation from cod on maturing capelin in the pre-spawning period (Gjøsæter et al., 2012). Northeast Arctic cod has been the major fishery target in the BS in terms of fishing effort and commercial value, but is also a major predator on capelin and other smaller fish and invertebrates (Bogstad et al., 2015). After a period of increasing fishing mortality after 1950, the decrease in fishing mortality of this large stock after ca. 1990 contributed strongly to the recovery and increase in stock biomass, production and catches (Nakken et al., 1996).

The populations of the large baleen whales (bowhead, blue, and fin whales) and walruses were heavily exploited and reduced to levels far below pristine levels prior to 1950 (Reeves, 1980; Christensen et al., 1992; Weslawski et al., 2000) and Greenland shark was also exploited before and to a low extent after 1950 (Supplementary Appendix 2). For minke whales and harp seals, catches and harvesting mortalities were reduced to lower levels during the period 1950–2013. Biomass trends for these exploited mammal FGs were U-shaped and showed trends of recovery as a result of reduced exploitation and increased ecosystem productivity.

The sequence in which fisheries evolved in the BS resembles a pattern consistent with the “Fishing through the food web” concept (Branch et al., 2010). However, the sequence in which the fisheries targeted various FGs may have been directed by availability rather than trophic level. Fishing pressure on pelagic intermediate trophic level fishes, such as herring and capelin were increasing relatively early in the study period, simultaneously with pressure on Northeast Arctic cod. This may have contributed to a kind of trophic balance when both typical prey and predator FGs were exploited simultaneously. Nilsen et al. (2020) explored balanced harvesting strategies for the Norwegian and BS using the Atlantis model and found that a balanced harvesting regime would only produce marginal increases in total yield of currently exploited FGs compared to the historical exploitation regime after 1980.

Most harvested fish stocks responded with an increase in biomass when fishing mortality (Y/B) decreased in the 1990’s (Nakken, 1998) indicating a recovery period. The patterns of catches, biomasses and fishing mortality indicate that the intense exploitation was relaxed around 1990–2000 for many of the targeted fish and exploited mammal FGs and contributed to increases in their biomasses. The Golden Redfish (S. norvegicus) stock and the Coastal cod stock have not fully recovered (ICES, 2019), and may be exceptions to the recovery pattern described above.

Recent studies have shown that the dynamics of cod is tightly linked to the harvesting rate and capelin abundance (Lindstrøm et al., 2009; Koen-Alonso et al., 2021). If their top-down control was dominating in the BS ecosystem, prey groups would expected to be “released” from predation and increase during periods of heavy exploitation i.e., from ca. 1970 to 1990 when some predator stocks, e.g., Northeast Arctic cod and Greenland halibut, were reduced to low levels. One would also expect that the biomass of competitors would increase simply due to reduced competition. The question is if there is any evidence of trophic-cascade and competitive-release effects in the model? The predicted increase in biomass of capelin and long rough dab during this period by the M10 Ecosim model suggest cascade effects due to reduced predation pressure. The period of high biomass of capelin in the period 1970–1985 was likely a result of reduced predation from small herring predation on capelin larvae during the period of collapse of the Norwegian spring spawning herring. In addition, low levels of predation from demersal fishes and cod on older capelin may have contributed to the high capelin biomass level. The increase in modeled biomass of long rough dab during 1970–1990 cannot be verified by survey observations since the stock-assessment time-series started in 1989 (Supplementary Appendix 4 Part A,B).

Among the other FGs, northern shrimp had the longest observational time-series, starting in 1971, and the very low fishing mortality compared to the predation mortality suggests that fishery exploitation had not been a dominant driver for this stock. Decreases in cod stocks in the Northwestern Atlantic have been accompanied by sharp increases in biomass of invertebrate stocks, and this has been interpreted as results of a trophic cascade (Frank et al., 2005). In the BS, however, several shrimp-predating FGs may have increased when the cod stock decreased contributing to a relative stable predation pressure and modest biomass changes for northern shrimp. Thus, we suggest that except for capelin, there is little evidence for a strong cascading effect of medium and low trophic level FGs during the period of low top predator abundance in the BS.

The Ecosim-simulated biomass of detritivorous and predatory macrobenthos showed a U-shape during 1960–1990 that could be attributed to the relative low water temperature, small open-water area (=extensive ice-cover) and low primary production. There was no available time-series of macrobenthos biomass at the ecosystem level, but estimates based on grab sampling over a large part of the BS have changed over time from high biomass in 1924–32, to low biomass in 1968–72 and then high biomass in 2003 again (Denisenko, 2001; Jørgensen et al., 2017). The changes in biomass among time-periods have been attributed to changes in both climate and primary production and to changes in bottom trawling effort hypothesized to affect macrobenthic biomass negatively (Denisenko, 2001). To simulate and evaluate the possible direct effects of bottom trawling in Ecosim, a relationship between bottom trawling effort and mortality for various FGs of benthic invertebrates have to be included in future simulations.

The moderate changes in the Kempton diversity index, which is expected to react to intense exploitation during the period 1950–2013, suggest modest changes in ecosystem structure. So why and how has the ecosystem resisted the heavy exploitation of some FGs? The high fishing effort during the period 1965–1990 in the cod fishery in the BS have likely also increased fishing mortality of other fish FGs which were caught as bycatch (Denisenko, 2001; Rusyaev and Orlov, 2013). In the BS, there may have been few species that could take over for cod as major piscivore during the period of intense exploitation, and candidates, such as Greenland halibut, redfish and harp seals had been extensively targeted and reduced by harvesting prior and during the cold period.



Effects of Climate Variability

The U-shaped trend in biomass of many FGs is interpreted as mainly a result of trends in primary production. Models forced by the PPR-proxy performed better during the warm period (after mid 1990s) suggesting that more open water is linked to increased PPR and food web productivity. Earlier studies have emphasized the positive effects of relatively warm Atlantic water in the southern part of the BS on fish stock recruitment and individual fish growth (Sundby, 2000; Ottersen et al., 2002), especially for Northeast Arctic cod, haddock and Norwegian spring spawning herring partly spawning in the Norwegian Sea (Bogstad et al., 2013). High variability in haddock recruitment lead to relatively low predictability by Ecosim for haddock (3+) biomass. The relatively low temporal model fit to the indices (relative biomasses) for the youngest stanza of the cod and haddock groups suggest that recruitment may be driven partly by other mechanisms than represented by the PPR-proxy, and further testing of other drivers for recruitment may improve model fits and predictability. Variability in advection of Atlantic water and copepods, krill and young fish stages into the southwestern part of the BS affect the ecosystem (Drinkwater, 2011), and is likely to contribute to variability that was not captured by the Ecosim models.

The correlations between modeled and observed data for the unharvested lower trophic-level FGs were lower than for the most heavily exploited FGs and may be due to a lower signal to noise ratio for observed data for these FGs. The lower trophic level FGs also had higher temporal variability than for the more long-lived higher trophic level FGs. This indicates that the Ecosim model did not fully reproduce short-term variability in lower trophic level FGs but could still capture the main long-term trends.

The proxy for PPR that was applied in the calibration and fitting to time-series in Ecosim was based on a well-founded relationship between primary production and open-water area (Dalpadado et al., 2020). This relationship is supported by model studies showing lower primary production at lower temperature, and temperature and open water area were strongly positively correlated (Wassmann et al., 2006b; Slagstad et al., 2011). The improvement in model prediction by including our PPR-proxy as an environmental driver in the model suggests that changes in PPR driven by changes in open-water area and indirectly by water temperature had an effect on the development of the BS ecosystem during the 1950–2013 period.

The lower trophic level FGs for which we had observed biomass time-series (krill and mezozooplankton, pelagic amphipods, and scyphomedusae) showed contrasting trends after year 1995. The observed biomasses of the two krill groups and scyphomedusae showed increasing trends from year 2000 to 2013 while there was a stable biomass of mesozooplankton (Dalpadado et al., 2020) and a decreasing trend for pelagic amphipod biomass. The Ecosim model, however, predicted an increase in biomass of medium sized copepod and large calanoid biomasses after 1995. Mesozooplankton biomass is dominated by the mainly boreal medium sized copepods and the arctic large calanoids, and these FGs may have responded differently to warming in the western part of the BS after 1995 (Aarflot et al., 2017). Biophysical modeling with warming scenarios show expectations of increased production the boreal C. finmarchicus and decreased production in the arctic C. glacialis (Slagstad et al., 2011). Predation from capelin has been emphasized to have a major top-down effect on mesozooplankton in the BS, but after a peak in observed biomass mesozooplankton around 1994 when capelin biomass was low, mesozooplankton biomass has been stable despite ups and downs in capelin biomass (Dalpadado et al., 2020). Stige et al. (2019) suggested that less sea-ice coverage may have a negative effect on the arctic large calanoid C. glacialis.

The krill biomass in the BS was dominated by Thysanoessa, and krill had the longest observed time-series among lower trophic level FGs. Increases in both observed and modeled krill biomass in the period after ca. 1995 indicates that the energy-efficient krill pathway may have strengthened during the period 2000–2013. Krill as prey may have contributed to shorten the food chains and enhance production at high trophic levels. The temporal year-to-year variability in the observed krill time-series was not well-reproduced by the model. That the observational time-series for the two krill groups were moderately positively correlated may indicate that they both represent temporal trend in the krill biomass but with a relatively low signal to noise ratio. It is challenging to estimate biomass of krill precisely due to very patchy spatial distribution (Eriksen et al., 2016) and varying advection of krill into the BS may also contribute to variability (Orlova et al., 2015).

The modeled effects of a decreasing trend in sea-ice coverage and reduced ice-algae production (model M11) after ca. 1980 notably affected biomasses of ringed and bearded seals, little auks, and Brünnich’s guillemots. Polar cod and pelagic amphipods were less affected and variable ice-algae production could not explain the observed decreasing time-trends in these predator FGs after ca. year 2000. This may indicate that sea-ice may be a limiting habitat for these FGs beyond the production of ice-algae. Sea-ice coverage is important for polar cod during reproduction and recruitment and both large calanoid copepods and pelagic amphipods feed on ice algae and these FGs are important prey for polar cod (Hop and Gjøsæter, 2013; Bouchard and Fortier, 2020; Supplementary Appendix 2). More knowledge on the dependence of the ice-habitat habitat beyond the effect of ice-algae production and other effects of warming, may be needed to improve model input and performance.

The Ecopath model output suggests that scyphomedusae did not have a major predatory effect in the BS ecosystem despite its increase in the warm period after year 2000 (Eriksen, 2016). For Ctenophora, there was no time-series or precise biomass estimate, but recordings of frequency of occurrence of Ctenophora in Northeast Arctic cod stomachs shows a clear increase after 1996 in the southwestern BS (Eriksen et al., 2018), and may suggest an increase in biomass of Ctenophora in the area during this period.

The inclusion of mortality from small herring on capelin larvae in the Ecosim model increased the model fit to observed data by primarily improving the fit for the capelin groups but not for the other FGs. This may suggest that top-down and bottom-up effects of capelin in the Ecosim model were moderate during the modeled time-period. An apparent top-down effect from capelin as predator on krill has been observed (Eriksen and Dalpadado, 2011), and field measurements revealed that biomasses of capelin and total mesozooplankton varied inversely during 1989–1997 but not in the period after 1997 (Dalpadado et al., 2020). Strong negative effects of low capelin biomass on predators, such as Northeast Arctic cod and harp seals were observed during the first capelin collapse in 1985–1988 (Gjøsæter et al., 2009), but effects were lower during later collapses, likely due to larger abundance of alternative prey (Gjøsæter et al., 2009). This inconsistency in correlations suggests complex trophic interactions and potential indirect effects that are difficult to identify from modeled or observed time-series.

The patterns of mixed trophic impacts for various Ecopath model FGs showed that most FGs had both bottom-up and top-down impacts, suggesting that both types of trophic control have been important in the BS and other studies also point in this direction (Johannesen et al., 2012; Lindstrøm et al., 2017; Stige et al., 2019). By examining predator-prey correlations from the BS, Johannesen et al. (2012) found shifts between negative and positive correlations during the time period 1977–2002, indicating shifts in trophic control between bottom-up and top-down dominance. Stige et al. (2019) also noted that both bottom-up and top-down effects were present when considering pelagic fish and zooplankton interactions.

Lower fishing mortalities coinciding with warming and increasing primary production during the recovery period after around 1990 may have strengthened the role of cod and other demersal fishes as top predators. The coincidence of the period of overexploitation of fish stocks with the cold low-productive climatic period during 1960–1980 may have prevented other species to take over when the stocks of large gadoids and the long-lived redfish and Greenland halibut had been intensively exploited and reduced. The relatively low diversity of the non-exploited fish FGs in the BS may also have contributed to the lack of success of other species to replace exploited stocks. How ecosystem management can be used to preserve structure and mitigate negative climatic effects should be investigated in future studies.




CONCLUSION

Four major carbon pathways were identified in the BS and the modeling results indicated increased productivity at lower trophic levels during warm years with large ice-free open-water area after ca. 2000. This contributed to higher productivity for most high trophic level FGs. The krill pathway was important for both medium and high trophic level compartments, and krill biomass and production increased during the warm period. There were signs of decrease in observed biomasses of some high arctic FGs that were not reproduced by the models even after forcing the model ice-algae with ice coverage time-series.

In the low-productive period from 1960 to 1985, fishery exploitation reduced biomasses of FGs in a sequential pattern causing reductions of biomasses for mammals, large gadoids and other long-lived demersal fishes. The increased biomass for capelin during this period was interpreted as a trophic cascade effect of relaxed predation. When exploitation was relaxed, biomasses of many exploited FGs increased during the recovery period after about 1990. Despite heavy exploitation, the basic ecosystem structure seems to have been preserved in the BS during the periods of overexploitation and recovery.
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Bangladesh has introduced a monsoonal fishery closure in the Bay of Bengal to ensure the conservation of fish stocks and productive breeding grounds. While the fishing ban has likely supported this goal, it has also sparked protest and resentment among small-scale fishers. This study investigated fishers’ perceptions of the 65-day fishing ban between May and July in the Bay of Bengal. We collected both qualitative and quantitative data from five coastal fishing communities. Data were analyzed to explore fishers’ perceptions of the socioeconomic and ecological impacts of the closure. While most respondents agreed that the closure produced positive ecological outcomes, they felt that their income and food security had been negatively affected. Importantly, crew members perceived their losses to be more extreme than the boat skipper or owner due to their overreliance on the fishery and lack of alternative skills and occupations. These fishers cannot forfeit their livelihoods and food security needs, as they are already living on the margins of subsistence. This social ramification emphasizes the necessity of understanding the interconnection between fishers’ socioeconomic conditions and conservation needs. Social-ecological trade-offs and inequalities raise the question of social equity and environmental justice, which could ultimately compromise management and conservation effectiveness and legitimacy. The involvement of local communities in the decision-making process for future fishery interventions could enhance both the livelihood opportunities and the positive ecological outcomes in the Bay of Bengal marine ecosystem.
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INTRODUCTION
Policymakers and managers consider seasonal fishery closure a useful intervention in addressing overexploitation and protecting species during their spawning season (Cinner et al., 2006; Arendse et al., 2007; Bavinck et al., 2008; Cohen et al., 2013; Colwell et al., 2019). Many different seasonal fishing closures have been implemented worldwide, such as restrictions on trawling by motorized and mechanized vessels (Morton, 2011; Barley Kincaid and Rose, 2014; Loring, 2017), shrimp trawling (Vivekanandan et al., 2010), and gill netting (Loring, 2017) for a short and defined period of time or permanently (Bavinck et al., 2008; Morton, 2011; Pranovi et al., 2015; Colwell et al., 2019; Amali Infantina et al., 2020) or for a single species (Vivekanandan et al., 2010; Oliver et al., 2015). These are widely recognized conservation and management measures that promote the safeguarding of species by restraining fishing and shielding the species during their spawning season (Hargraves, 2011; Cohen et al., 2013; Chimba and Musuka, 2014; Musiello-Fernandes et al., 2017; Narayanakumar et al., 2017). Seasonal fishing closures have also become an indispensable tool in the worldwide mission of improving governance and advancing fishery sustainability (Kooiman et al., 2005; Central Marine Fisheries Research Institute [CMFRI], 2007). This management intervention also offers ecological restoration of the resources of depleted fisheries and eventual economic benefits to dependent communities (Rahman et al., 2011; Islam et al., 2018; van Brakel et al., 2018).
Seasonal fishery closures are likely to yield various ecological outcomes, such as boosting fishers’ catches (Cohen et al., 2013; Rola et al., 2018) and reduction in fuel use and associated reduction in CO2 emission, with reduced impacts upon ocean biodiversity (Narayanakumar et al., 2017). Such initiatives are considered robust regulatory measures expected to augment marine fisheries production as the stocks are allowed to spawn and grow (Narayanakumar et al., 2017; Napata et al., 2020). Closure for spawning will also positively effect population growth, as well as reducing annual fishing mortality by reducing fishing effort during and even after the closure (Arendse et al., 2007; Clarke et al., 2015). The biomass would be reasonably expected to increase due to the ban period, as it would otherwise have been exploited by the fishery as small-sized juveniles (Arendse et al., 2007; McClanahan, 2010; Napata et al., 2020). For example, in Australia, the seasonal trawling ban has yielded a substantial increase in fisheries production (Shyam et al., 2010). Similar results are evidenced for hilsa shad fisheries, where production increased following ban periods in Bangladesh (Rahman et al., 2014; Islam et al., 2018; Fisheries Resource Survey System [FRSS], 2019).
This conservation measure is known to cause serious socioeconomic disturbances (Finkbeiner et al., 2017; Brillo et al., 2019). Restriction on fishing has strong short-term negative impacts, particularly on the income and livelihood of vulnerable coastal fishers and their communities (Brillo et al., 2019; Napata et al., 2020), as there are no alternative employment opportunities during the fishing ban. This suggests that fishers are left with no other choice but to take on the full impact of the income loss caused by the ban (Aswathy et al., 2011; Brillo et al., 2019; Amali Infantina et al., 2020). This conservation regime generates unemployment and poverty (Shyam et al., 2010), leaving artisanal small-scale fishers and the crews of industrial fishers as the primary victims of the ban (Colwell and Axelrod, 2017). Loss of employment and income following such bans causes severe negative impacts upon livelihoods, and this generates anger, deprivation and distrust among fishers in the long term (Momtaz and Gladstone, 2008). The decrease in employment opportunities and lost income affect fishers and their families physiologically, alongside severe symptoms of depression, mental stress, and health hazards (Allen and Gough, 2006; Islam et al., 2016). A lack of domestic fish supply during the ban, followed by malnutrition, especially among women and children, was also observed in coastal areas (Islam et al., 2016). There are, however, long-term socioeconomic beneficial effects, as the fishery closures increase the future catch of valuable fish and thus increased per person profits (Bavinck et al., 2008; Cohen et al., 2013; Rola et al., 2018; Carvalho et al., 2019). There is also the prospect of an increased employment rate after the fishing ban ends (Brillo et al., 2019).
Although fishing bans represent a good prospect for the long-term sustainability of local fisheries, this conservation measure entails socioeconomic costs, particularly for laborers’ livelihoods and well-being, which compromise the benefits of this strategy (Brillo et al., 2019). Small-scale fishers ultimately cope with this adverse situation by putting more pressure on the common pool fishery resources, and this is underpinned by socioeconomic implications. However, fishers’ non-compliance with fishing rules and regulations to support their livelihood results in increasing pressure on fishery resources, use of destructive fishing gear and methods and a tendency to fish whatever is available, including larvae and juveniles (Murshed-e-Jahan et al., 2014). Regulations may be breached by fishers driven by various socioeconomic and political dynamics. Major drivers behind non-compliance with fishing regulations include lax enforcement, strong ties between violators and the local political establishment, bribery of enforcing authorities, poverty, indebtedness to moneylenders, insufficient incentives and lack of alternative livelihood options, all of which may force marginal fishers to continue fishing during the ban (Islam et al., 2018; Brillo et al., 2019; Napata et al., 2020). These activities cause severe damage to coastal fishery resources and create conflict between fishers and other resource users (Hussain and Hoq, 2010): there is a dilemma between conservation and livelihood sustainability.
Enhanced conservation management strategies in fisheries can help to alleviate economic and food insecurity (Sherman et al., 2018). However, the lack of community support is a significant obstacle in achieving the desired success for this management practice (Kincaid and Rose, 2014). Compliance with ban regulations is necessary for conservation, but this is strongly subject to the cooperation between the government and the local fishers (Bavinck et al., 2008). Compliance with the regulation restricting access is driven by the available alternative livelihood options and greater income security (Peterson and Stead, 2011; Catedrilla et al., 2012; Arias et al., 2015; Islam et al., 2017). Notably, stakeholders’ involvement in fishery management can offer several advantages, including improved planning, conflict management and greater readiness to accept management decisions (Pita et al., 2010; Sampedro et al., 2017; Lorenzen and Camp, 2019).
Bangladesh has a recent history of spatial and temporal fishing bans for the conservation of fishery resources. For the protection and conservation of hilsa shad (Tenualosa ilisha) fisheries, the government of Bangladesh (GoB) has declared six sanctuaries in the Meghna-Padma and Andharmanik rivers, their tributaries and associated coastal waters. The GoB declared four riverine areas as hilsa sanctuaries in 2005, adding a fifth in 2011 and a sixth in 2018. A 2-month fishing ban has been imposed in these sanctuaries to protect jatka (juvenile hilsa less than 25 cm in size). Also, to facilitate breeding, there is a countrywide prohibition on catching brood hilsa for 22 days in October during the peak breeding season. There is also an 8-month countrywide ban from November to June every year on catching, carrying and selling jatka imposed by the Department of Fisheries (DoF) in collaboration with law enforcement agencies and local governments. In 2015, a 65-day fishing ban was first imposed on large commercial trawlers from 20 May to 23 July in the Bay of Bengal to facilitate increased fish breeding. In the same year, the legality of the ban was challenged in the High Court through a writ petition by the Marine Fisheries Association; however, the High Court upheld the government order.
In 2019, the ban was extended to all fishing vessels, including small-scale artisanal fishing boats. The ban came as an immediate shock and immense disappointment for most of the small-scale fishing communities, as they solely depend on fishing for their daily subsistence. The decision triggered unprecedented protests and demonstrations throughout the coastal region. Many small-scale fishers took to the street to protest against the sudden decision taken by the GoB to include small-scale coastal fisheries under the ban. These responses received wide coverage in both national and international news and social media. The fishers complained that the fishing ban drove them suddenly out of their fishing activities and placed their livelihoods in peril. The immediate effects of the ban were headlined in the New York Times as “Bangladesh’s Fishing Ban Leaves Coastal Towns in ‘Nightmare Situation”’ (22 May 2019). Fishers’ organizations demanded authorities either exempt artisanal fishers from the ban or provide adequate support for its duration. In response to this, the GoB decided to provide rice support to the affected poor and vulnerable fisher households under the government’s Vulnerable Group Feeding (VGF) program. However, the fishers reminded the authorities that rice alone (i.e., single food subsistence) is not sufficient to sustain their families.
Although the 65-day fishing ban created widespread impacts on and uproar in coastal fishing communities, there is no systematic study to assess stakeholders’ perceptions, including fishers’, toward the socio-ecological effectiveness of the ban. There is therefore a need to examine the impact of the ban on coastal fishers, both their perceptions of the ecological effectiveness and their response to the negative effects of not fishing. This study thus specifically explores the stakeholders’ (i.e., fishers’) views on the socioeconomic implications and ecological effectiveness of the fishery closure and seek ways to improve fishers’ compliance with the ban through effective management by exploring the drivers of compliance to the ban. It also presents the results in terms of key issues, problems of management as perceived of the fishers and how they responded to crises during the ban period.



MATERIALS AND METHODS

Five study sites in three coastal districts – the Patharghata area of Barguna district, the Mohipur and Kuakata areas of Patuakhali district, and the North Nuniarchora and Fishery Ghat areas of Cox’s Bazar district – were selected for this study owing to their significant contribution to marine fisheries production in Bangladesh (Figure 1). Most coastal inhabitants in the study sites are entirely dependent on fishery resources for their livelihoods, either directly or indirectly.
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FIGURE 1. Location of the study sites.


Because the study targets a specific professional group, purposive sampling was employed to select individuals to interview to ensure that they were knowledgeable, seagoing fishers, because such respondents could provide the most relevant and rich data (Yin, 2015). Only purposive sampling can provide important information from particular, deliberately selected settings, persons or events (Maxwell, 1997). To gather data for the study, 150 fishers were interviewed from July to December 2019. Face-to-face interviews were conducted with fishers from three coastal districts: Barguna (N = 56), Patuakhali (N = 44), and Cox’s Bazar (N = 50; see Table 1). Both qualitative and quantitative methods were adopted for data collection. Interviews were performed informally by a semi-structured questionnaire that constituted both open-ended (qualitative) and close-ended (quantitative) questions (see Supplementary Material). The questionnaires aimed to collect information about the respondent’s demographic characteristics (age, education, income, etc.); details of their fishing activity (target species and fishing methods, types of gears in use, and membership of any organization); fishing experience; level of dependence on fisheries; and their perceptions and attitudes toward fishery closures concerning ecological and socioeconomic impacts, their coping strategies and perceptions to improve management.


TABLE 1. Number of respondents surveyed during the fisher survey among the study sites.

[image: Table listing study sites, districts, and number of respondents. Patharghata in Barguna has 56 respondents, Mohipur in Patuakhali has 29, Kuakata in Patuakhali has 15, North Nuniarchora in Cox's Bazar has 33, and Fishery Ghat in Cox's Bazar has 17. Total respondents are 150.]The interviews were conducted at fish landing sites, fisher households and local fish markets and shops, where fishermen spend their time engaged in various activities such as loading and unloading fish, mending nets, repairing gears and boats and even gossiping; these sites were selected to allow the fishers’ views to be reflected without disturbance. An additional six focus group discussions (FGDs) were conducted, in which each group consisted of five to eight persons and took approximately 1 h. The FGDs were done to extract qualitative information on the positive and negative consequences of the seasonal fishery closures in terms of socioeconomic and ecological performance. The participants of the individual interviews and FGDs were full time seagoing fishers (both crews and skippers). Another 20 key informant interviews were conducted with knowledgeable personnel such as fishery officers, NGO workers and office holders in fishers’ organizations. Key informant interviewees were expected to answer questions based on their knowledge and experience, and this helped to validate and cross-check the information collected in the individual interviews.

Using descriptive statistics (e.g., frequencies and percentage), the socioeconomic profile of the respondents was analyzed. We used Welch’s t-test to determine whether there was a significant difference in income between the crew and boat skipper. We chose Welch’s t-test because it performs better than Student’s t-test whenever sample sizes and variances are unequal between groups (Delacre et al., 2017). Linear models were created using R 4.0.2 (R Core Team, 2020) to examine the factors (predictors) that most influence fishers’ (crew and boat skipper) income (response variable). A number of predictor variables were considered, including level of schooling, fisher’s age, fishing experience, length of the boat, number of crew for each fishing trip, the engine power of fishing boat, fishing gear and fishing effort (days per year). We used the subset regression approach with the leaps package to determine the best model executed from n-best models (one best model for each number of predictors) to nvmax (null in this case allows for no limit on number of variables) using an exhaustive approach. We chose the best model based on the adjusted R2 and BIC values.

To assess the socioeconomic implications and ecological effectiveness of seasonal fishing bans, the interest of fishers toward involvement in decision-making and/or willingness to participate in resource management was assessed using Likert scale (Likert, 1932) responses. The use of Likert scales allowed respondents to share their thoughts (whether they agree or accept an opinion) on a 5-point scale from 1 (= strongly disagree) to 5 (= strongly agree), with 3 being a neutral feeling or category. To do this, we used a questionnaire to assess the fishers’ responses on three perceptions relevant to their socioeconomic condition (broadly illustrating the negative consequences of ban), which includes the negative impact on income, food security, and prevalence of conflicts. In addition, the ecological outcomes (potential positive consequences) of the bans were assessed in the form of fishers’ perceptions regarding improvement in fish stocks, improvement in fish size, increased catch and better juvenile protection. Fishers’ perception regarding existing resource management practices (positive role of management practice) was also explored in terms of their active involvement with the management body, the effectiveness of the current level of enforcement, up-to-date fisheries regulations and overall satisfaction with different management practices applied to small-scale marine fisheries. These answers for the different perceptions of socioeconomic conditions, ecological outcomes, and resource management were pooled and then averaged to create a single composite score for each of these criteria. These composite scores were used as the predictor variables to execute generalized linear model using the logit link function, also known as a logistic regression model. The response variables were the perception of the fishing ban (whether the ban is good or bad) and fishers’ willingness to comply (whether they are ready to comply with or not) with the imposed regulation.

We also performed a total of four independent samples (Welch’s) t-test to explore whether there were any differences in opinion regarding existing resource management practices and socioeconomic conditions between fishers that did and did not receive support and fishers that did or did not have a conflict with management. Additionally, the correlation between fishers’ socioeconomic conditions and their perceptions of the ban was analyzed to check whether there were any underpinning socioeconomic factors shaping their perceptions of the ban. For analysis of qualitative data, the inductive content analysis method was employed; themes were identified and classified into manageable categories of different variables to provide further explanations.



RESULTS


Socioeconomic Characteristics of the Respondents in the Fisher Survey

This section describes the socio-economic profile of the respondents for the fisher survey. Of the total respondents, the majority (97.5%) work as crew members, and about 2.5% are boat owners or skippers. The average age is 38.09 (±9.44) years. Almost two-thirds (66.9%) are illiterate, 27.34% have received a primary level education and only 5.67% received education at the secondary level. Fishing is the only occupation for almost all (98.84%) of the respondents. In response to options available for secondary occupation, the respondents are almost equally divided. There is a large variation in average fishing years between the two groups, with crew showing 16.29 (±8.38) years, while the skippers (majhi) have a mean experience of 21.80 (±9.37) years within the overall mean experience of 18.12 (±9.07) years across fishers. More than two-thirds (67.63%) of fishers do not have membership in any association, and about 70% do not have access to bank credit. Only about 30% of fishers have access to social indebtedness (dadon taken from mohajon-fishery entrepreneur or boat owner). About 57.55% people reported receiving assistance from the government, although not at a satisfactory level, and aid is not received by 42.45% of the respondents in the study sites. The average boat size used is 45.41 (±15.36) meters in length, with an average power of 62.35 (±38.33) hp. The mean number of crew members for each operation is 14.10 (±4.5). Almost two-thirds of (64.75%) use an Ilish net (gill net) solely for fishing, and 35.25% use various other types of nets. The monthly average income is (USD) 252.18 (±131.07; see Table 2).


TABLE 2. Socioeconomic profile of the respondents in the fishers’ survey.

[image: Comparison table of socio-economic attributes between Crew and Majhi groups, and their overall means. It includes age, education level, occupation in fishing, experience, association membership, access to credit, government assistance, boat specifications, fishing gear, and monthly income. Crew and Majhi show differences in education, with high no-education levels in Crew (44.6%) compared to Majhi (22.3%). Fishing as a main occupation is higher in Crew (64.75%) than Majhi (33.09%). Overall mean attributes such as age, experience, and income are listed with standard deviations.]


Socioeconomic Implications

The respondents perceived substantial negative consequences depending upon the fisher’s socioeconomic status. Almost all fishers perceived loss of their income during the fishing ban. For example, one fisher from the FGD in Kuakata said, “We cannot go to sea during the hilsa fishing ban. Also, extreme weather and climatic events reduced our fishing days every year. Now this long fishing ban has left us squeezing our fishing days. How can a family be maintained without fishing income for such a long time?” The result shows significant variation in the monthly income of the two groups of fishers. Fishers who work as boat owners or skippers earn significantly more than crew members (t = −2.73, P = 0.007). Fishers’ income was driven by different factors. Multiple linear regression analysis shows that the monthly income of crew members is significantly and positively associated with higher level of schooling (secondary education), age and a higher number of crew members in each fishing trip, while higher fishing boat engine power potentially leads to higher fuel costs, which negatively influence income level (Table 3). This means, for example, that fishers with better education (schooling up to 10 years) could expect an average increase of USD 199 per month in income compared to fishers with no education. However, the income of boat owners or skippers was solely driven by their years of fishing experience (Table 4).


TABLE 3. Determinants that affect the income of fishermen who work as crew in hilsa fisheries, as obtained from the fishers’ survey.

[image: A regression table displays variables with estimates, standard errors, t-values, and p-values. Variables include an intercept, age, schooling up to 5 and 10 years, number of crew, and boat power. Significance codes denote levels, with age, schooling up to 10 years, number of crew, and boat power showing high significance. Adjustments: R-squared is 0.31, BIC is negative 16, F-statistic is 9.286, and degrees of freedom is 87.]
TABLE 4. Determinants that affect the income of fishermen who work as skippers or boat owners in hilsa fisheries, as derived from the fishers’ survey.

[image: Statistical table displaying regression analysis results. Variables include intercept, hilsa fishing gear, fishing experience, boat power, and schooling levels. Estimates, standard errors, t values, and p-values are provided. Significant codes are indicated, with asterisks marking significance at 0.001 level. Adjusted R-squared is 0.49, BIC is negative 19, F-statistic is 9.485, with DF being 40, and a p-value of 5.049e-6.]The FGD revealed that higher earnings from an increased fish catch do not increase crews’ income much. A fisher from Fishery Ghat, Cox’s Bazar stated, “Our monthly wage is fixed, and we benefited a little with a nominal incentive even if the catches increase. However, when there is no catch or a poor catch, our wage is not fully paid, and we were affected the worst.” The respondent fishers reported several socioeconomic implications of the fishing ban. The majority of the fishers lost income due to their lack of other work skills and/or due to the scarcity of alternative livelihood options. Some fishers reported migrating to another location in search of gainful occupation or to fish illegally. Most of the fishers said that their family suffered from food insecurity and occasional hunger during the ban period. Among the respondents in the fisher survey, about 29% of the households suffered from moderate hunger, and the majority of families (47%) experienced occasional food insecurity.

More than half (52%) of the respondents do not have a “jele card” (fisher identification card), which is a pre-condition for getting incentives from the government during the ban period. Only 43% of the respondents said they receive government support (rice) during the ban period. A key informant from Patharghata observed, “The number of unregistered fishermen is at least several times more than the registered ones.” Fishers expressed disappointment on the rice scheme compensation. A fisher from Mohipur stated, “One cannot run a family only with a sack of rice; they need other means for living. Even the rice is not adequate in amount and improperly distributed.” Another fisher from Kuakata said, “Fishing is the only occupation that I can do. There is no income source left in this ban period. How can a family of 9–10 members survive – I am worried.” Another fisher from Mohipur said, “We laborers were hit hard, as we have only a small amount of savings, so I will not be able to run my household for the next 2 months. This is injustice for us.” One key informant from Mohipur said, “Those fishers who do hilsa fishing were hit the hardest. Because they had to face two other ban fishing periods, along with this 65-day fishing ban. Again, fishers often have to return shore during extreme weather conditions. The consecutive bans and frequent bad weather conditions leave hardly enough time for fishing.”

Of the total respondents in the fisher survey, 52% managed to find seasonal, temporary employment, while a significant number (48%) remain unemployed. Sudden prolonged restrictions on fishing put them in a debt trap. They must take on debt in the form of a loan from middlemen in contract for future fish sales after the ban season. More than half of the respondents (56%) of the fisher survey received loans/support from the NGOs at the household level. Most of these NGOs run microcredit programs, but a few other NGOs ran training programs, particularly on different sustainable livelihood options for women, and provided them with assets, such as sewing machines.



Ecological Benefits

In response to a set of questions regarding the perceived ecological outcomes of the fishing ban, almost half of the (45%) respondents in the fisher survey thought that the seasonal monsoon ban would increase catch during post-ban periods (Table 5). One respondent from Fishery Ghat, Cox’s Bazar said, “If there is no fishing, no doubt the stock of the fishery will increase. That will ultimately increase our catch from fishing.” Those fishers who disputed this claim argued that non-compliance by some fishers and illegal fishing by neighboring countries are barriers to the performance of the ban. Unless the government can stop illegal fishing by fishing fleets of neighboring countries, the ban will have little success, and only add suffering to the local fishers, as another fisher from Fishery Ghat, Cox’s Bazar, claimed. About 24% of the participants in the fishery survey also believed the size of the fish catch per unit gear would increase. Another fisher interviewed from Kuakata expressed optimism: “Most of the fish in the Bay of Bengal lay eggs during the early monsoon, and therefore, this ban, if properly enforced, will increase the catch.” Fishers also hoped to get more adult fish because of the ban; 18% of the respondents in the fisher survey thought the fishing ban protecting juvenile fish resulted in more adult fish production after the ban. A key informant from Mohipur stated, “This ban duration is during the spawning time for various marine fish, thus, allowing safe spawning that would result in a higher catch during the post-ban period.” Some fishers disputed the timing of the ban, however; for example, one fisher from the FGD in Patharghata said, “No fish are breeding during June–July: most of the fish lay eggs from September to October. So, the timing of the ban period is not appropriate.” One key informant from Fishery Ghat, Cox’s Bazar said, “If appropriately enforced, along with adequate compensation or alternative livelihoods, this ban could help replenish the depleted fish stock in the Bay of Bengal.”


TABLE 5. Perceptions of participants (survey) on ecological performance of seasonal monsoon fish ban (Multivariate frequency analysis).

[image: Table showing perceptions of ecological performance with corresponding frequencies in percentages. "Increase catch" is 45 percent, "Size of catch increase" 24 percent, "More adult fish" 18 percent, and "Protecting juvenile fish" 12 percent.]


Drivers of Ban Compliance

Most of the fishers (79%) expressed their willingness to comply with the ban, while others (18%) were likely to refuse to comply, according to the fishers’ survey (Figure 2). The results indicate that fishers’ expressed willingness to comply with the ban was mostly driven by their perception of its positive ecological outcomes (Table 6). The ecological outcome is here determined by their perception regarding whether a ban could replenish the overfished fish stocks, the potential to reverse the decrease in catch and size and the ban’s effectiveness in protecting adult and juvenile fish, allowing safe spawning. The fishers who were willing to comply with the ban hoped there would be a remarkable increase in fish production after the ban. An elderly key informant fisherman from North Nuniarchora, Cox’s Bazar, observed, “There were plentiful fishery resources in the sea 30–35 years ago. We used to go fishing and returned within 5–6 days with a good catch, but at present, our sons go for 15–20 days and even for a month, but a good catch is not guaranteed. If this ban can be implemented properly, the catch could return.” Despite being willing to comply with the ban, some fishers break the rule due to severe livelihood crises. “I am a by-born fisher, have no skill for other activities, and here there is no scope for agricultural activities. I have to go fishing in the small rivers along the Bay of Bengal for survival, though risking the penalty of breaking the rules,” stated one key informant fisher from Kuakata. A boat owner from Fishery Ghat who participated in the FGD in Cox’s Bazar said, “The ban on artisanal fishing came on all of a sudden, before the season start. We invested a lot of money to make the necessary preparations for a fishing trip. The ban was a huge loss; some people defied the ban to compensate for their loss, at least in part.”


[image: Bar chart showing fishers' perceptions of compliance with a sixty-five-day ban. Eighty-five percent responded "Yes," twelve percent "No," and three percent gave no response. The vertical axis represents frequency in percentage.]

FIGURE 2. Perceptions of the surveyed fishers’ of complying with the seasonal fishery closure.



TABLE 6. Results of generalized linear model shows factors that drives fisher’s (engaged in hilsa fisheries) willingness to comply with fishing ban based on fishers’ survey.

[image: A statistical table displays estimates, standard errors, z-values, and p-values for four variables: Intercept, Socioeconomic outcome, Resource management, and Ecological outcome. The Ecological outcome row shows statistical significance with a p-value of 0.005. Confidence intervals for estimates are provided in the last two columns. Model AIC is 136.83. Values with p < 0.05 are emphasized in bold.]


Attitudes Toward Management Approach

The results indicate that whether fishers consider the fish ban a good or bad thing was primarily based on the resource management practices of the implementing authority (Table 7). Resource management practices represent the cumulative score of peoples’ perceptions of the level of satisfaction with the management, enforcement effectiveness, rationalization of the laws and fishers’ active involvement in management. Fishers’ opinions about existing resource management practices and socioeconomic conditions varied depending on their opinion about the resource management authority. Fishers who did not support the local resource management authority were significantly negative in their opinion (t = −6.59, P = 0.00) about existing resource management practices compared to their counterparts. In contrast, fishers who expressed their belief in significant positive consequences of the ban on their socioeconomic status (t = 7.17, P = 0.00) were supportive of the local resource management authority. Fishers who received support from the government during the ban period opined that their socioeconomic condition had improved (t = 1.98, P = 0.05), but this did not necessarily change their opinion regarding resource management practices (P = 0.10); this suggests that fishers are more concerned about their rights/role/engagement in fishing ban management practices than having financial support from the government.


TABLE 7. Results of generalized linear model shows factors that influence fisher’s (engaged in hilsa fisheries) decision on whether fishing ban good or bad based on fishers’ survey.

[image: A table presents statistical data for three variables: socioeconomic condition, resource management, and ecological outcome. It includes columns for Estimate, Std. error, z value, Pr(>|z|), and confidence intervals (Cls) at 2.5% and 97.5%. The resource management variable shows statistical significance with a Pr(>|z|) of 0.030. The model AIC is 151.49. Values under 0.05 are emphasized in bold as statistically significant.]The findings from the FGDs revealed that there are conflicts entrenched around various issues causing discontent among coastal and industrial fishers related to fishing areas, with fishers blaming each other for unsustainable fishing practices and illegal fishing by foreign trawlers, as well as harsh attempts to implement the ban by law enforcement agencies and concerns about the credibility of the implementation due to insufficient logistical capacities among the enforcing agencies. The dissatisfaction with the process of selecting beneficiaries for the compensation scheme and the distrust between the local fishers and government officers exacerbate these conflicts (Table 8). Although many fishers are members of the local fishers’ organization, they have little or no chance to participate in management decisions and implementation. Some fishers reported that, although cooperative society office holders were invited to join an informational meeting with officials from the Department of Fisheries related to government decisions, they had no opportunity to share their opinions. Fishers also expressed their concern regarding the effectiveness of the ban. The majority of the fishers claimed control of illegal fishing by neighboring countries in Bangladesh waters was limited or non-existent, and this became more prevalent during the ban. Some also expressed concern regarding enforcement inequality. One fisherman from Mohipur stated, “The rich fishermen do illegal fishing, and do not comply with laws, as they have enough money to bribe the officials.” Another fisher from Patharghata said, “If the current jal (monofilament gill nets) and trawl fishing can be controlled, the fisheries will return to their previous state within shortest possible time periods.” The FGD findings indicated that the distribution of the compensation scheme was highly politicized and marked by corruption. The FGDs also revealed several suggestions to improve management of the fishery, including participatory decision-making for the duration and exact period of fish spawning and closed season; a transparent, inclusive, and sufficient compensation scheme (both cash and food) for all affected fishers; an effective ban on trawling and use monofilament gill nets; capacity building among fishing households for alternative occupation; and effective enforcement against illegal fishing by foreign trawlers.


TABLE 8. T-test results show whether there is any difference in the opinion regarding existing resource management practice and socioeconomic condition between fishers those received support or not and having conflict with management or not based on fishers’ survey.

[image: Table displaying statistical analysis with rows for "Conflicts with management" and "Support" against "Resource management" and "Socioeconomic condition." Values include t-scores, degrees of freedom, and p-values. Key results have significant p-values of 0.000.]


Fishers’ Response Strategies

During the fishing ban, coastal fishers adopted different livelihood strategies to cope with the resulting economic crisis (Table 9). Most of the respondents reported negative coping strategies. To buy food and meet daily expenses, they drew from their savings, took loans from commission agents (fish traders) or boat owners, took an interest-free loan from relatives or microcredit from NGOs. In case of failure to receive a loan, fishers reported reducing the number of family meals per day or taking low-quality food. Among the participants in the fisher survey, about a quarter (25.68%) of fishers had taken out a loan from a boat owner or money-lending relatives, or microcredit from NGOs. Approximately 20.27% of fishers stated that they had reduced their food consumption, while 2.70% took in lower quality foods to get the lowest price. One fisher from Mohipur stated, “We have a meal twice instead of thrice a day. Even during the ban, we have to take food with few vegetables and salt only.” One key informant from Kuakata said, “Women and children are the worst affected by seasonal food insecurity, as usually earning member of the family get priority in food consumption.” Only 13.51% of fishers adopted alternative occupations such as rickshaw pulling and payday labor to earn their livelihood. Another 12.84% of fishers reported that they had to sell assets to supports their families. Some fishers (about 11.49%) involved their children in labor to support the family, while 10.81% spent their savings to cope with the lack of income. One key informant from Fishery Ghat, Cox’s Bazar said, “Most of the coastal fishers have a marginal livelihood and live from hand to mouth without any savings.” The fishers also took up strategies that put pressure on the fishery resources. Respondents reported that illegal fishing during the banned period or using destructive fishing gears were also prevalent.


TABLE 9. Coping strategies during the ban season by the participants in fisher survey.

[image: Table showing coping strategies and their frequency of use. Income adjustment through loan: 25.68 percent, food consumption adjustment: 20.27 percent, alternative occupation: 13.51 percent, liquidation of assets: 12.84 percent, employing other family members: 11.49 percent, expense from saving: 10.81 percent, taking low quality food: 2.70 percent.]


DISCUSSION

The government of Bangladesh has been enforcing a 65-day long seasonal ban on all types of marine fishing to preserve the fish stock and to ensure ample populations of adult fish and crustacean species by boosting their breeding in the northern Bay of Bengal. Nevertheless, the closed season has created severe economic hardships, given the lack of sufficient alternative employment opportunities and the poor income distributions among the marginalized fishers/laborers. Consequently, the ban most affected the dependent fisher community, and this was reflected by several street protests by fishers in coastal districts, because the unprecedented ban on small-scale fishing but fishers into more vulnerable conditions than ever before.

Among the fishers, the income distinction between boat skippers and the crews of fishing boats is immediately noticeable. The position of fishers in boat staff determine their wages and income. The fishers who works as majhi (mostly the boat owner or most experienced fisher) has a higher income than the fisher who works as a crew member. Although the regulation has less impact on boat owners’ socioeconomic security, it adversely affects the fishing crews employed (Colwell and Axelrod, 2017). There are various socioeconomic factors, such as age, education and number of fishers on the crew, that were found to affect the income of fishing crews. This suggests that, without the presence of any buffer (e.g., savings), crew fishers generally endure economic hardship and fishery closure placed severe strains on income, food security, health and the education of children in the fishing communities (Islam et al., 2018; Brillo et al., 2019). Consequently, the marginal small-scale fishers expressed deep concern about and protested against the ban for several days. The fishers think that the ban on small-scale fishing is an injustice and profoundly unfair (e.g., Bavinck et al., 2008), as the costs of conservation disproportionately fell on the marginal fishers (Islam, 2021).

The government compensation scheme, although it proved to be supportive, was not sufficient to meet the needs of the fishers’ households. The experiences from the compensation scheme for the hilsa shad fishing bans in Bangladesh waters suggest that the scheme is insufficient, non-inclusive and poorly administered (Bladon et al., 2018; Islam, 2021). Strong opposition was demonstrated toward the mismanagement of the incentive scheme. Approximately half of affected fishers were included on the list, and some non-fishers were enlisted owing to their power and socio-political connections (Bladon et al., 2018). This likely increased dissatisfaction among fishers. The decisions related to the ban were often taken while keeping fishers in the dark and without any dialogue with the affects fishers and their organizations, which also raised the question of legitimacy. These negative feelings could hinder the management of fishery resources (Pezzuto et al., 2008), which, in turn, could present a challenge to the effectiveness of the conservation efforts (Islam, 2021). The exclusion of fishers from the decision-making process in management of local fisheries could drive fishers to non-compliance with the imposed regulation, thus interfering with stock maintenance (Musiello-Fernandes et al., 2017).

According to Cinner et al. (2006), the success of seasonal closures depends on low human population density, low fishing dependency and associated high ability for livelihood diversification, as well as the community having exclusive tenure over the resources. Communities in which dependence on marine resources is higher and there are fewer available livelihood options, periodic or permanent closures covering large proportions of the fishing areas may create significant economic disadvantages and may therefore be met with resistance. As the present findings indicate, small-scale fishers have lower literacy rates than the national average. Fishing skills, in combination with these low levels of education, cannot be readily converted to other skilled occupations. Again, it is difficult to find temporary employment during the portions of the year when the different bans occur, as most gainful occupations tend to demand a long-term commitment. The majority of the fishing villages are also in remote locations, far from economic centers. All of these factors make it difficult for fishers to obtain alternative employment during seasonal closures (Islam et al., 2018), which means they are left with no other choice but to take in the full impact of income loss during the imposed fishing ban (Brillo et al., 2019). This economic reason leads to the non-compliance evident in other areas implementing a closed season strategy (Colwell et al., 2019; Napata et al., 2020).

Nevertheless, most fishers have shown fairly positive conservationist views and possess constructive attitudes toward conservation strategies to sustain the resources of marine fisheries. The willingness to comply with a lengthy ban is contrary to their survival, however, as they are entirely dependent on fishery resources as their only means of livelihood. There are cases where a seasonal fishery closure has been successfully implemented because of its acceptance by the fishing communities (Colwell et al., 2017). Successful fishery management has several advantages, including improved planning, conflict management and ready acceptance of management decisions involving stakeholders (Sampedro et al., 2017; Lorenzen and Camp, 2019). To this end, ensuring equity is necessary for a sustainable fishery management approach, regardless of population growth, the number of fishers and other challenges (Finkbeiner et al., 2017). Ensuring distributional and procedural equity can lead to legitimacy, social justice, empowerment, better acceptance of management decisions, and enhanced compliance with regulations (Sutinen and Kuperan, 1999). Fishers’ participation in management processes could also reduce the government’s enforcement costs. If fishers and other actors are to shoulder responsibility for making decisions and managing sanctuaries, they are less likely to violate the regulations and may be more likely to foster accountable attitudes toward conservation (Mascia et al., 2010; Islam et al., 2016; UN Environment, 2019). Thus, ensuring procedural equity (i.e., the inclusive and effective participation of all stakeholders) in rule- and decision-making processes is essential.

Like other developing countries, Bangladesh lacks sufficient scientific data to pinpoint the ideal time span for closed seasons. In this situation, local ecological knowledge can help to develop management plans for local fisheries (Berkes and Turner, 2006; da Costa Oliveira et al., 2016). This arrangement is likely to promote a sense of shared responsibility between the management team and fishing communities. Local fishers are also likely to have this indigenous ecological knowledge about the breeding and nursery sites of fishing resources, which may help guide the choice of no-take areas or redefine their boundaries, thus increasing their legitimacy (Scholz et al., 2004). Conservation planning approaches that aim for distributional equity and other related elements are more likely to have a greater chance of being well received by stakeholders and achieving long-term conservation success (Kockel et al., 2020). Procedural legitimacy (concerning an open, transparent and inclusive decision-making process via the effective participation of all relevant stakeholders) is closely linked to perceptions of fairness (Sutinen and Kuperan, 1999; Loring, 2017; Zafra-Calvo et al., 2019). Unfortunately, no such legitimacy is currently evident in the present fishery closure strategy.

Involving fishers in decision-making, power sharing and encouraging them to take responsibility to liaise between the government and the communities through fishery co-management would enhance the effectiveness of local management initiatives (Jentoft, 2000). The underlying social and economic status of the fisher communities should be thoroughly studied prior to any management implementation. Measures should be properly addressed for the restoration of these resources, because the social impacts influence their success (Islam et al., 2017). The scarcity of livelihoods should be understood by prior consultation with fishers, and proper actions should be taken by providing input for appropriate additional livelihood opportunities (Amali Infantina et al., 2020). Food security issues are a major concern during the ban period. Ensuring basic needs are met is the first step in building an environment where new regulations may be negotiated, supported and successfully implemented (Colwell et al., 2019). Communities should be fully engaged in the planning and the maintenance, following their rights, practices, expectations, interests, expertise, capacities, and institutions (Howard et al., 2017). Provision should be made for a fair share of the gains of the intervention, and communities should not bear disproportionate costs (CBD, 2010). This highlights the importance of considering three elements of equity: recognition (who is acknowledged/included and how), procedure (decision-making process), and distribution (of benefits and burden) in any conservation initiatives (Campbell and Gray, 2019; Zafra-Calvo et al., 2019; Bennett et al., 2020).

Fishery managers and policymakers must exercise caution when relying solely on seasonal closure to address overexploitation and resource degradation. Fishing closure during the spawning season does not always lead to an increase in catches or a better recovery of stocks, particularly in multispecies fisheries, and it may only have a minimal effect on production if the overall annual active fishing effort remains constant (Arendse et al., 2007; Clarke et al., 2015). This is because the higher fishing effort is often associated with increased fishing mortality, which undermines the individual’s, reproductive capacity despite the closed fishing season. Thus, an effective closed season would require implementing it in a way that the fishing effort would not only be redistributed outside the spawning season but would also be reduced overall.

Because the Bay of Bengal fishery is open access or weakly regulated, it is also susceptible to the “race to fish” particularly when the seasonal fishing closure is lifted, as fishers expect more fish following the ban periods. This tendency to harvest more is a serious problem, because it often persists even when there were similar or low CPUEs (Catch-per-unit efforts) before closure, and there are few incentive systems in place to encourage restraint (Murawski et al., 2005; Cohen et al., 2013; Birkenbach et al., 2017). Thus, seasonal closures cannot be effective on their own, when fishery closure is used in isolation (Cinner et al., 2006; Cohen et al., 2013; Napata et al., 2020). As such, this strategy should be implemented simultaneously with other tools, such as the establishment of Marine Protected Areas and gear restrictions, that would reduce fishing mortality even after the closure (Napata et al., 2020). There is evidence that fishers’ profits could increase when fishery closures and gear restrictions are implemented together, regardless of increased fishing intensity, diverse gear and catch, poverty and unregulated markets (McClanahan, 2010).

Fisher cooperation is also crucial to the successful execution of the closed season (Bavinck et al., 2008). A comprehensive fishery management strategy to curb overfishing and additional local drivers that reflect the knowledge, culture, needs and beliefs of local stakeholders must be assessed and measured along with stock assessments and administrative decisions (Finkbeiner et al., 2017). This requires extensive cooperation between governmental and non-governmental parties to be truly effective. The present study also highlights the importance of addressing the social justice issues associated with resource management and suggests that successful bans depend on a close collaboration between government and local fishers’ organizations, as well as a common understanding that the ban’s necessity is imperative (Bavinck et al., 2008). Fishers’ support, coupled with local ecological knowledge, increases the likelihood of achieving fishery and conservation targets more efficiently. By incorporating fishers into an ecosystem-based management approach, closures can help address the needs of global marine protection goals, as well as fishery production (Barley Kincaid and Rose, 2014). Finally, we argue for equity as a prerequisite to sustainability (Finkbeiner et al., 2017). Social equity would support fishers’ access to the process of decision-making and rule-making procedures. Social equity also entails fair distribution of benefits and liabilities and would ensure social justice to affected fishing communities, boost legitimacy, support for management measures and improve compliance (Islam, 2021).



CONCLUSION

The seasonal fishery closure in the Bay of Bengal was implemented to ensure a safe environment for brood fish to breed and for their conservation, including recruits. While it may be premature to conclude that the closed season has resulted in a positive ecological outcome without any impact assessment, fishers’ perceptions and the global literature suggest a positive role for such closed seasons on stock revitalization. The stakeholders did not ignore the potential positive functions of the closed season in improving the fishery stock; however, the negative externality is evident by the loss of income and employment during the ban period. Fishing crews were the most affected, due to their overreliance on the fishery and their lack of alternative skills and occupations. They particularly suffered because the decision was made without their participation and consultation. This situation raises questions of social equity and environmental injustice, which likely compromise the effectiveness and legitimacy of the conservation efforts. Consideration of the fishers’ socioeconomic needs is essential, because they cannot forfeit their livelihoods and food security needs as they live on the margins of subsistence. This ethical and social ramification highlights the necessity of understanding the interconnectedness between fishers’ socioeconomic conditions and ecological conservation needs (Islam et al., 2018). Adaptive management with local communities’ participation could be rewarding in reducing livelihood hardships and enhancing positive ecological outcomes. In this arrangement, capacity building of local users in the form of appropriate inputs (e.g., various social welfare and local-level community development programs) and skill-building programs aimed at creating economic opportunities for fishing households should be a top priority. Policymakers, managers, academics, and research institutions must review the current fishing ban policies and perform more detailed investigations on the impact of seasonal fishery closures, investigations that consider greater biological and socioeconomic factors.
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The unusual situation that arose due to the COVID-19 pandemic and the 65-day fishing ban (national policy to boost depleted fish stocks) affected the lower-income fishing communities in coastal Bangladesh. Shocks and stresses were posed, and community people adopted strategies to adapt to the changes. In the process of adaptation, social-ecological systems resilience at different levels plays a crucial role. Though resilience is acknowledged as multilevel feature, studies on the interaction between the levels while understanding communities’ responses to shock and stress are limited. Thus, in this study, we explored the shocks and stresses the fishing community faced and their views on the resilience feature at different levels (i.e., individual, household, and community level) in coastal Bangladesh during the COVID-19 pandemic and 65-day fishing ban period. The study found that the most resilience promoting features (e.g., diversified livelihood, friendship, and network of supports) were adopted at the individual and household levels. However, positive and negative interactions were explored between resilience features at all levels. Low community-level resilience was not translated into a lack of household-level resilience, and strong individual-level resilience did not mean high household-level resilience. It was noted that the increased resilience of a particular individual or household could negatively affect community resilience. Resilience features showed inconsistent interactions within or among the three levels’ resilience features. The study also revealed that multilevel resilience features stressed the importance of combining persistence (i.e., keeping fishing as the main livelihood) and adaptation process (e.g., livelihood diversification). The study showcases the importance of considering multilevel resilience that offers insight into crucial resilience factors which would not be evident if only one level were studied. The overall finding of this study will contribute to framing governance strategies to ensure sustainable coastal management even in the time of any abrupt or expected changes, such as the COVID-19 pandemic and the fishing ban policy.
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INTRODUCTION
The marine fisheries sector constitutes a critical element of socio-economic support for the people in Bangladesh (Al Arif, 2017), as this country stands 12th in finfish production from marine and coastal aquaculture (FAO, 2020a). More than 17 million people work in the fisheries sector, comprising about 11% of Bangladesh’s population and contributes 3.5% to the national GDP and 25.72% to the agricultural GDP (DoF, 2016, 2020). Marine fisheries thus play an essential role by providing support for food, poverty alleviation, and job creation in improving the trajectory of socio-economic conditions (Billah et al., 2018).
Small-scale fishers, an integral part of maritime fisheries, typically live in coastal communities and catch fish mainly using conventional techniques and facilities (Alam et al., 2021). They depend on knowledge passed on to their local communities through generations (Rahman, 2017). Small-scale fishing communities are regarded as one of the most vulnerable groups in the fishing industry unless the legal and institutional system allows adequate protection (Alam et al., 2021). Many drivers of changes, such as climate change, habitat alteration, and national policies, affect the livelihoods of the small-scale fishing community (Jentoft and Chuenpagdee, 2015; Berkes and Ross, 2016; Nayak and Berkes, 2019; Lazzari et al., 2021; Selim et al., 2021). Recent examples of such drivers of change in Bangladesh include the COVID-19 pandemic and the 65-day fishing ban — a national policy action to boost depleted fish stocks.
After the first confirmed COVID-19 case on March 7, 2020, the Government of Bangladesh deployed armed forces on March 24 to ensure social distancing and disease prevention and imposed a nationwide lockdown on all educational institutes, government and private offices, and industries from 26 March (Anwar et al., 2020). The rapid dissemination of the COVID-19 and its effects worldwide led to anxiety, uncertainty, concern, and fear (Ahorsu et al., 2020; Sultana and Alam, 2020). This unexpected situation dramatically affected lower-income people in developing countries like Bangladesh (Shammi et al., 2020). In coastal Bangladesh, fishing in the sea, fish farming and tourism are the primary economic activities (Ahmed et al., 2021). According to Sunny et al. (2021), small-scale marine fisheries, like other labor-intensive sectors, had also been affected by the pandemic. During the COVID-19 lockdown, fishing was restricted on the Bay of Bengal, and the market and the distribution system were interrupted due to restrictions on the movement (Sunny et al., 2021).
Amidst this crisis, a 65-day fishing ban on marine fishing was imposed from May 20 to July 23, 2020 (United News of Bangladesh, 2020). Ministry of Fisheries and Livestock of Bangladesh first applied such a fishing ban in 2015 through a gazette notification to ensure proper breeding of fish in the economic marine region as the marine ecosystem was facing pressure from overexploitation (Hussain, 2019; Islam et al., 2020b). Later, a writ petition was filed with the High Court questioning the validity of such a ban; the Court reaffirmed the order on May 15, 2017 (Hussain, 2019). Initially, the ban was on industrial trawlers and since 2019, the ban had been imposed on all types of fishing in the Bay of Bengal to conserve spawning fish and crustacean species (Rahman et al., 2017; Islam et al., 2020b; Arafat et al., 2021). While Bangladesh is reportedly reaping the benefit of the fishing ban in terms of higher fish production, this restriction is also causing income loss and posing threats to the resilience of the small-scale fishing communities of coastal Bangladesh (Islam et al., 2020b).
Small-scale fisheries are considered as a social-ecological system (SES) that is understood as coevolutionary, integrated, and dynamic adaptive structures of social and ecological dimensions that continuously interact on varying scales (Ostrom, 2009; Blythe et al., 2014; Salgueiro-Otero and Ojea, 2020). In SES research, the concept of resilience is central to managing human-nature relations (Glaeser and Glaser, 2010). Commonly, resilience is defined as “the ability to successfully deal with change, and it is a characteristic that can be applied to individuals, communities, states, ecosystems or linked SESs, tightly coupled systems of people and environment” (Brown, 2015, p. 2). Resilience is also described in SES research as the ability to deal with shocks and stresses to maintain the same fundamental identity, structures, functions, and feedback (Walker et al., 2004; Folke, 2006) and the capacity to adapt or transform with changes that support human well-being against unexpected changes (Chapin et al., 2010; Biggs et al., 2015). In the present article, we view resilience through this SES lens. Shocks can be defined as sudden and sometimes unpredictable events, typically beyond the range of anticipated variability (e.g., income shock), and stresses (e.g., illegal fishing and fish scarcity) can be defined by continuous pressure (Turner et al., 2003; Marschke and Berkes, 2006).
In the “panarchy concept,” SES is described as a composition of nested levels and cross-scale interaction (Gunderson and Holling, 2002). Berkes and Ross (2016) used the panarchy concept to explain resilience and suggested that the relationship between the levels (i.e., individual, household, and community) is not homogenous; each level interacted more strongly with the adjacent one. However, vertical leaps can be directed from local to global, sidestepping other levels in certain situations, such as pandemics (Berkes and Ross, 2016). So, the interactions will influence the adaptation of different levels to the shocks and stresses caused by the changes (Leite et al., 2019), such as the COVID-19 pandemic and the 65-day fishing ban. In the present study, we will consider individual, household and community levels to understand resilience.
Previously, there have been several attempts to explore adaptation to changes (e.g., climatic stress, disasters, and new fishing rules) in small-scale fishing communities of coastal Bangladesh from a resilience point of view (Ahmed et al., 2013; Islam et al., 2014; Hasan and Nursey-Bray, 2018; Sharifuzzaman et al., 2018; Uddin et al., 2020). However, studies focusing on small-scale fishing communities through an SES lens are limited (exceptions Adams et al., 2018; Sharifuzzaman et al., 2018; Mozumder et al., 2019). In the study by Mozumder et al. (2019), for example, social resilience at the community level was explored qualitatively in the Gangetic river system of Bangladesh. Studying resilience from a single level neglects the resilience that other levels might have (Leite et al., 2019). The study by Buikstra et al. (2010) on Australian rural community explored resilience at individual and community levels and identified eleven factors common to promote resilience at both levels. On the other hand, Leite et al. (2019) explored resilience at the individual, household, and community levels, and found resilience interacts at multiple levels in a south-eastern rural Brazilian fishing community. They reported dissimilarities in resilience features at different levels and demonstrated the need for empirical study in understanding SES resilience from multiple levels.
The main objective of this present study was to investigate the multilevel resilience of the small-scale fishing community of coastal Bangladesh at the individual, household, and community levels and their interactions under the shocks and stresses caused by the changes (i.e., the COVID-19 pandemic and the 65-day fishing ban). By doing so, we highlight the need for SES research to explicitly consider multilevel resilience to develop a richer understanding of inclusive, sustainable strategies for the small-scale fishing community’s well-being. The specific research questions based on the above research objective were:


a) What kinds of shock and stress were faced by the small-scale fishing communities of coastal Bangladesh due to the changes from the COVID-19 pandemic and the 65-day fishing ban?

b) What were the main features of individual, household, and community level resilience among these fishing communities?

c) How did these resilience features interact with each other at different levels?





CONCEPTUAL FRAMEWORK OF THE STUDY

The importance of interactions among different societal levels is well recognized and theorized in SES research (Gunderson and Holling, 2002; Berkes and Ross, 2016; Leite et al., 2019). Our study situates itself in line with these existing theories and builds on the understanding they established in SES resilience research through an empirical study on the small-scale fishing communities of coastal Bangladesh during the COVID-19 pandemic and the 65-day fishing ban.

The conceptual framework (Figure 1) used in this study attempts to capture multilevel resilience under the shocks and stresses posed by the changes (i.e., the COVID-19 pandemic and the 65-day fishing ban). Multilevel resilience includes individual, household, and community levels and differentiated features. These features are connected, disjunctive or neutral among different levels. Moreover, the resilience features in different levels mostly interact with the adjacent levels (Leite et al., 2019). However, in certain cases interaction bypassing the adjacent levels can also happen. We went through different literature across disciplines that captured individual, household or community level resilience to define resilience at different levels for the present study.
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FIGURE 1. Conceptual framework for the study [adapted the concept from Berkes and Ross (2016) and Leite et al. (2019)].


Individual resilience refers to the capacity (the ability to cope up) of a person to conquer challenges and trajectories of a positive life while being subjected to adversities and difficulties (Luthar, 2006; Buikstra et al., 2010; Verger et al., 2021). In literature, individual resilience was often viewed from a psychological perspective (Buikstra et al., 2010; Berkes and Ross, 2013). According to Verger et al. (2021), important features of this level of resilience include skills to regulate oneself, flexibility and positive appraisal. In some domains, some individuals may show resilience, but they may not in others, thus, resilience features might show different challenges and capacities based on individuals’ backgrounds (such as gender).

Household resilience, a less common term in the literature, is mainly limited to access to resources, food security, assets, public services, and social safety net (Alinovi et al., 2009, 2010; Anuradha et al., 2021; Melketo et al., 2021). For instance, Anuradha et al. (2021) analyzed household resilience based on social and human capital. While they mentioned two dimensions of human capital to understand resilience, namely, skills related to livelihood and economic activities and involvement with financial assets, noted three dimensions of social capital, namely inclusion in the network of support through bonding, bridging kinship ties with neighbors and relatives, and building trust among people from different gradients and power.

Community resilience can be defined as the “existence, development and engagement of community resources by community members to thrive in an environment characterized by change, uncertainty, unpredictability, and surprise” (Magis, 2010, p. 401). Community level resilience features include a well-functioning social justice system, social experience and memory sharing, involvement in shared responsibility, thinking collectively, inclusivity, social coordination, leadership (Robertson et al., 2021; Verger et al., 2021). Community resilience can be promoted by considering it as a process or as a state of becoming, but not looking at it straightforwardly (Robertson et al., 2021).

Through the components — that is, SES, small-scale fishing community, shock, stress, and multilevel resilience — of the conceptual framework, we explored how shocks and stresses affected the resilience features at different levels and how these levels were interacting with each other positively, negatively or neutrally.



METHODOLOGY


Study Area

The study was conducted in two coastal fishing communities of Bangladesh, which had a homogenous population and the majority of whom were small-scale fishers or had a livelihood that was dependent on fishing. These two communities were located in Moheshkhali upazila (sub-district) (21°28’ to 21°46’ north latitude; 91°51’ to 91°59’ east longitude) of Cox’s Bazar district and Patharghata upazila (22°14’ to 22°58’ north latitude; 89°53’ to 90°05’ east longitude) of Barguna district. Both upazilas were under government-initiated COVID-19-related lockdown (March to May 2020) and a government-imposed 65-day fishing ban (May to July 2020) (United News of Bangladesh, 2020; Ahmed et al., 2021; Sunny et al., 2021).



Data Collection

The data were collected during July and August 2020. A total of 100 households were selected with support from Bangladesh Institute of Labour Studies (BILS) and Coastal Association for Social Transformation Trust (COAST Trust) — local NGOs primarily work in the coastal areas of Bangladesh and partners of Manusher Jonno Foundation (MJF). The households were selected using homogenous purposive sampling (Palinkas et al., 2015) based on their livelihood options (i.e., small-scale fishing). In-depth interview was selected as the most appropriate method to collect data in the light of the research objective and research questions and the complexity associated with the SES and the resilience of small-scale fisheries. The fishing community members were interviewed through mobile phones, which was the most suitable option for collecting information as physical access was restricted due to the COVID-19 pandemic (Campbell et al., 2021). The interviews were recorded on mobile phones. It was ensured that these households exclusively relied on fishing for their main income, and households of recreational or occasional fishers were excluded. Since the fishing households were the focus of the study, the interviews were conducted either with the fishermen themselves or their wives as we intended to collect information on different levels: individual, household, and community, within the fishing communities. One pilot interview was conducted from each site to check the understandability of the interview questions before finalizing them. Among 100 interviewees, 60 were men, and 40 were women; 44 of the interviewees were from Moheshkhali and 56 were from Patharghata. The in-depth interview questions were mainly focused on the shock and stress caused by the COVID-19 pandemic and 65-day fishing ban, adaptation responses, and resilience.



Data Analysis

The inductive content analysis method (Elo and Kyngäs, 2008; Kyngäs, 2020) was used to analyze the data related to shocks, stresses and multilevel resilience features. The recorded telephone interviews were transcribed into text. The textual data were then interpreted and coded to elicit meaningful information over different themes addressing the components (i.e., shock, stress, and resilience) of the conceptual framework (Figure 1). In the preparation phase, the analysis units (i.e., shocks, stresses, and resilience levels) were selected and data were closely viewed to understand the overall scenario of the study sites and the communities. Later, in the organization phase, the actual analysis started. Texts were coded into emerging themes and then categorized to describe the themes.

The interactions between different resilience levels (i.e., individual, household, and community) were analyzed based on the conceptual framework (Figure 1). The transcribed texts were used to explore respondents’ opinions on the different resilience features and interactions between the features. When respondents were talking about a single resilience feature, other resilience features often came up in groups, and they expressed the interaction by showing expressions, such as anger and sadness (negative interactions), happiness and a feeling of relief (positive interactions), and some features emerged as separate (neutral interactions). By analyzing this type of data, multilevel interactions were reported.




RESULTS


Shocks and Stresses

Respondents experienced many shocks and stresses during the COVID-19 pandemic and the 65-day fishing ban period. Although some of the stressors were not directly associated with fisheries (e.g., early marriage and dowry system), we only highlighted the shocks and stresses related to fishing.

Table 1 presents the shocks and stresses reported by the respondents, and the level that were mainly affected. Shocks and stresses usually did not affect a single level. For instance, shocks or stresses that impacted individuals were very likely to affect respective households (e.g., the male fisher not having an identity card may influence his whole household). Besides, shocks and stresses that impacted most respondents were considered to affect the community.


TABLE 1. Shocks and stresses mentioned by the respondents.
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The fishing ban is a regular event for the respondents, but in 2020, this event was different because of the COVID-19 pandemic posing additional shock and stress, such as fishing restriction before the actual ban and income shocks. In some cases, stresses turned into shocks (Table 1). The fishing restriction during the ban period, for example, was a stress to the respondents who expected not to fish from late May. However, the unexpected lockdown restricted them from fishing since the end of March. As a result, they faced reduced income as a shock. Similarly, some respondents were already in debt before the pandemic, and even when the fishing ban started, and they usually face debt as stress. But some were forced to take additional loans from money lenders, neighbors or relatives only due to the changes caused by the pandemic, and debt became a shock to them.

Almost all respondents (95%) reported that they did not go fishing during the restrictions, and thus they (88%) faced severe income shocks. However, the government usually provides relief to the fishers with a fishing identification card during the fishing ban period. Some fishers (15%) complained about difficulties and level of bureaucracy in receiving the fishing identification cards. Additionally, fishers (25%) with an identification card complained about unequal access to the relief materials.

	Although the government had allocated 40 kg rice as relief per fisher, I did not receive it. I was at sea then, and my wife was also not at home. Moreover, they even do not give the rice to the female family members; they want us to be present. They sometimes give us relief later, if we fight for it. But we do not even get the time to fight for the relief – A fisher from Patharghata.

Moreover, at the study sites, households often include several generations of family members or if the parents are not alive, brothers live in the same household together with families, and often eat separately. Since the relief is only 40kg rice (staple food of Bangladesh) per month for a registered fisher family, a recipient family often are not willing to share it with other families in the same household. This resulting in a weak family bonding. A fisher’s wife said “My brother-in-law received the relief, but he did not share it with us nor with our children. I felt very helpless and did not want to continue relationship with his family.”

Due to the COVID-19-related restrictions, most respondents faced difficulties in earning livelihoods. Fishing community members had very limited access to any other income-generating activities other than fishing and often they mentioned their limited skill for that. Some fishers who used to migrate to the nearby towns or big cities during the fishing bans failed to migrate and do labor works this time due to travel restrictions and lack of work options. Some fishers were engaged in labor work inside the study sites, but they also faced lower wage rates and limited work opportunities during the pandemic.

Some fishers preferred to fish in the nearby rivers when fishing was prohibited in the sea. A fisher’s wife from Patharghata said, “When my husband cannot go to the sea, he goes to the nearby river with a fishing net and catches fish. He can catch fish worth two to three hundred taka a day in this way.” Nevertheless, this kind of fishing activity was insufficient to address shocks and stresses. As a result, fishers and their wives were anxious and sometimes frustrated.

Although fishers restarted fishing after the fishing ban period in late July, they complained about not receiving the expected price. The reduction in the fish price was linked with less demand for fish, a lack of drivers and transporters to run the transport system, restrictions in long-distance or inter-district traveling. Moreover, some complained about the decreased amount of fish when lockdown and fishing ban were over and opined that it might be linked with illegal fishing by intruders or improper implementation of the ban rules and lockdown initiatives.



Multilevel Resilience Features

The respondents showed certain resilience features by adopting strategies and utilizing their capacities when abrupt changes caused diverse shocks and stresses. Table 2 presents resilience features at individual, household and community levels, and Table 3 shows challenges and capacities affectingindividuals’ resilience.


TABLE 2. Multilevel resilience features as revealed by the study on fishing communities in Bangladesh.

[image: Table displaying resilience features across three levels: individual, household, and community. At the individual level, features include local knowledge and psychological counseling. At the household level, features like livelihood diversification and women's roles are noted. At the community level, features include community cohesion and leadership. Descriptions detail how each feature aids resilience, such as family support enhancing adaptability and community cohesion ensuring food security.]

TABLE 3. Challenges and capacities affecting individual resilience of the studied fishing communities of Bangladesh.

[image: A table listing challenges, affected groups, and capacities. Challenges include fishing restrictions, fish scarcity, lack of income sources, limited financial access, and increased domestic violence. Groups affected: men, women, both. Capacities include migration, involvement in farming, government relief, borrowing money, and neighbor ties.]

Individual Level

Different shocks and stresses influenced individual resilience features differently. Fishers experienced restrictions in fishing and fish scarcity, while fishers’ wives experienced internal shocks and stresses, such as reduced meals and domestic violence from their partners, for example. The responses of fishers and fishers’ wives to the adversities arose due to the changes caused by the pandemic and the fishing ban were: (1) using local knowledge to solve personal and household problems, (2) receiving support from family members, (3) seeking help from friends, and 4) seeking psychological counseling.

Respondents in the study areas adjusted meals during the crisis by minimizing fish consumption (the most consumed food after rice) and maximizing rice, lentil soup, and vegetables intake. In terms of using local knowledge, the respondents, especially women, knew where they could extract vegetables from without any cost, such as ponds or roadside vegetated areas. This local knowledge helped to increase mental resilience. Additionally, some were involved in homestead vegetables gardening.

Women were socially placed to adjust more to the changes because of the extra burden from household chores and found it challenging to arrange meals even in the normal pre pandemic times. As a result, women were under continuous pressure to manage meals while dealing with additional adversities.

	We faced problems managing our regular meals. If we could manage our meal for one day, then we faced hardship for the other days – A fisher’s wife from Moheshkhali.

Respondents with communication skills were able to address any changes (e.g., income shock) by communicating with organizations (e.g., local administration and NGOs) to solve the problem. Communication skills provided respondents with a feeling of having someone beside them to address shocks and stresses. However, during the fishing ban, fishers sometimes were forced to fish illegally to repay the loan installments from mohajan (a boat owner, also an informal money lender). Illegal fishing bypassing the law enforcement agencies created negative power dynamics and fear.

On the other hand, strong family bonding and supports helped fishers and their family members to remain resilient during a crisis. For example, a fisher’s son lived abroad as a laborer. He used to send money to his fisher parents to reduce their pressure from searching for alternative livelihoods during the crisis. This kind of family support helped to increase the psychological resilience of the individuals.

Fishers’ wives sought psychological counseling from relatives or neighbors as they faced domestic violence whenever fishers faced income shocks or the extra burden of managing household chores while fishers’ were not at home (i.e., went for fishing or labor work). Nevertheless, friendship provided the fisher wives with a window to relieve stress. Additionally, many respondents relied on religion as a reprieve from the stress. Finding a more profound meaning or imagining that they were part of a grand plan gave them solace, which otherwise might simply have manifested as despair.

	We were sad and tensed in that period. We prayed to Allah that if He has the will to take us to Him, then He takes us with our belief intact upon Him – A fisher’s wife from Patharghata.



Household Level

Several responses were found at the household level that helped to address shocks and stresses: (1) seeking help from neighbors or relatives, (2) taking government aid allocated for the fishers, (3) using alternate income sources during the fishing ban, (4) food sharing practices with neighbors, (5) borrowing fixed interest loan from NGOs (micro-credit), (6) migrating to nearby towns and cities, and (7) selling household assets.

The average monthly household income in the study areas was approximately Bangladeshi Taka 12,000 (US$ 1 = Taka 85), with a range of Taka 2,000 to Taka 25,000. Having an alternative source of income was vital in increasing household resilience by providing financial security during the crisis and helping fishers to invest time and money in fishing-related activities. Households involved in pond fish farming side by side regular sea fishing reported their ability to tackle shocks and stresses during the pandemic and the fishing-ban period. However, a householder could only enjoy such livelihood diversification if it was comparatively solvent to own a pond or to get it on lease and buy materials for aquaculture. The respondents unable to afford fish farming invested their time finding work as day labor (e.g., local construction work). Livelihood diversification depended on the household’s income and saving as opined by the respondents.

Respondents with fisher identification cards received relief materials (e.g., rice) during the fishing-ban period. However, some (19%) of the respondents complained about the politicization and powerplay in relief distributions. Around 15% mentioned that they did not receive relief as either they did not have cards or connections with the relief providing authorities. Fishers who somehow managed relief faced fewer difficulties in reducing the risk of livelihood loss than those who did not receive such aid. This issue intensified social stratification and loosened the kinship ties as not all managed to take advantage of aid distribution.

Households with access to financial or materialistic resources could respond to shocks and stresses quickly. Although only 9% of households had savings and one had a bank account, some respondents were involved in micro-credit schemes with local NGOs before the pandemic hit. Under normal circumstances with steady income, they could pay loan installments regularly, which had to stop during the lockdown and fishing ban. Concerned NGOs, however, paused installment collection after observing the fisherfolks’ woes and following government instructions. Therefore, a significant portion of household expenses was reduced for a time being and the families could focus their expenditures on food, for example. According to the respondents, this good gesture by the NGOs garnered loyalty as well. Besides, the fishing community members also mentioned some other forms of materialistic resources, such as rice in their stock which they got from land they took lease earlier or had extra money from selling goats or chickens, supported them to pass the crisis period.

Women played a crucial role in household resilience. In the study areas, some women (15%) were involved in income-generating activities, such as homestead farming and sewing, contributed financially to household expenditure. Most women also rearranged expenditures, such as not buying new clothes, to cope with the shocks and stresses. Strong kinship ensured food security through food sharing practices between neighbors. Besides, respondents preferred to borrow money from neighbors or relatives as they found it quick and flexible to return the money.

	I had to take a loan against interest in this (lockdown and fishing ban) period. I had taken loans from three persons this time. They are my neighbors. I will hopefully return their loans within the fishing season. I have taken time till the winter from them – A fisher from Patharghata.

Households included within a network of support increased their ability to respond to shocks and stresses. Such networks are mainly formed with relatives, neighbors, and people from the same religion. Some people from minority religions shared about exclusion from the support network as people (Muslims) who used to go to the mosque for prayers could share their problems with others there and receive support.



Community Level

Community level responses to shocks and stresses were the lowest, since most responses were adopted either by households or individuals. Nevertheless, we found collective income-generating activities and involvement with formal institutions as the prominent community-level responses.

The majority of the respondents opined about differentiated engagement to respond to the pandemic and fishing ban-related changes. For instance, a group of fishers who did not own a boat and personal fishing equipment worked under a mohajan (boat owner) or a fishing company and earned a daily income percentage. Working under a mohajan helped fishers receive loans informally or receive necessary supplies, such as food for the households against a mortgage, before they leave for fishing in the Bay of Bengal. This support helped them to overcome the financial and food crises in short term. However, fishers often failed to bring profit to repay the support they already received. In this way, they became bound to work under that mohajan until the loan was returned, with very poor or sometimes no salary, even sometimes they are exploited and forced to do illegal fishing. This bonded laborship sometimes lasts across generations.

	We cannot do any other work. We are bound to the boat owner, and we have to go to the boat every day. Moreover, we do not know any other work, but fishing. If we face a problem anytime, our owner helps us. If I want money from him, he gives me the amount I need. – A fisher from Patharghata.

Community level coordination among fishers was revealed as they shared information about the fishing grounds in the sea. However, they rarely shared information about good catch areas or government aids with community members other than friends and families. Additionally, wealthier fishers maintained community relationships by farming the pond fish or crops collaboratively. It helped to reduce the income shock they faced during the pandemic and the fishing ban.

Most of the fishers (95%) had no involvement with any fishers organization. However, some fishers (5%) talked about “Jele Shomity” or “Motsho Shomity” (fishers or fisheries association), where they bonded with other fishers in terms of protecting their rights with no financial activity. Fishers mentioned such association as a place to get a voice and gain knowledge.

When the respondents were asked to tell about where they sought help in the community to address shocks and stresses, one fisher mentioned “Who will help me? Are they my friends, relatives? No one helps.” Some respondents could not get involved in a community network, and all of them either have no friends and kindships or good communication with organizations, such as local government institutions and NGOs.




Interactions Between Multilevel Resilience Features

In most cases, individual and household resilience features showed positive interactions (Figure 2). While respondents talked about the network of support, for example, they shared their personal friendship and kinship ties with neighbors and relatives. Whenever respondents need external support to respond to a shock or stress, they often sought support from these people. Another important positive interaction was seen between psychological counseling and women’s roles. Community and household levels resilience features mostly showed either negative or neutral interactions, except the positive interaction between livelihood diversification and community cohesion. According to the respondents, livelihood diversification, such as fish farming, were often done in collaboration with community members.


[image: Flowchart illustrating interactions at individual, household, and community levels. The individual level includes factors like family support, communication skills, and patriarchal norms. The household level covers livelihood diversification and women's roles. The community level involves leadership and community cohesion. Arrows denote relationships between these elements across levels.]

FIGURE 2. Interactions between individual, household, and community level resilience features. Dashed boxes represent features that decreased level resilience. Dashed arrows represent positive and dotted arrows represent negative interactions between levels. Solid arrows represent interactions within the same level.


Respondents shared their feeling of social stratification while discussing the support system, especially the respondents from religious minorities. Moreover, the respondents’ relationships with informal money lenders (mohajan or dadon) were often seen as unfavorable to maintain community cohesion. Furthermore, this relationship negatively influenced their ability to raise their voice and often limit their access to formal institutions. Some respondents who did not have relatives or a favorable neighborhood, also talked about their challenge to enjoy community cohesion, indicating a negative interaction.




DISCUSSION

The findings of this study indicate that although resilience manifests itself differently at individual, household and community levels, there are some positive, negative and neutral interactions between resilience features at these levels. The boundaries between the three levels were difficult to identify as individual beings made households and households made the community. Nevertheless, previously it was reported that dealing with a single level might cause simplification of the diverse scenario (Leite et al., 2019). In this study, understanding resilience at three levels allowed a fuller understanding of the impacts of different drivers at different levels within small-scale fishing communities of Bangladesh.

Some shocks and stresses, such as restriction on fishing and decreased fish catch affected the community as well as affected the households and individuals. Islam et al. (2016) explored several stresses experienced by the Bangladeshi fishing community due to fishing ban. These stresses include the improper implication of the baning, illegal fishing, inadequate amount of incentives, exclusion from the incentive program, a lack of alternative income sources, and limited financial support. Porras et al. (2017a), on the other hand, highlighted the technical inefficiencies, limited access to the banking system, lack of safety protocols, limited access to the weather forecast, and a lack of communication skills as challenges. In line with these studies, we revealed how these stresses intensified and sometimes turned into shock. We further found disruption in the market and distribution system was a prominent shock identified by almost all the respondents. Bennett et al. (2020) also showed that economic stress resulting from market disturbances had further affected small-scale fishers’ ability to survive through ‘twin disasters’ of decreased demand and subsequent price collapse.

In our study, diversifying income sources were found as the most adapted resilience-promoting strategy. Men played a vital role in diversifying income-generating activities either by migrating to nearby towns or doing labor works. In some families, women were also involved in income-generating activities, and it positively influenced overall household resilience. In contrast to our findings, Campbell et al. (2021) found that three-fourth of the surveyed fishers of the Indonesian small-scale fishing community continued fishing without diversifying their income sources during the pandemic. However, the Indonesian fishers mentioned they had very few options to adapt alternative income sources, and thus they considered continuing only fishing as the right way to cope. The reason behind this divergence between the two Asian communities might be the 65-day fishing ban in Bangladesh. As Indonesian fishers dealt with one crisis, the Bangladesh fishers experienced the cascading impact of the pandemic-related lockdown and the fishing ban, and the situation forced the latter to choose diversified income sources. Further, households with severe economic stress were forced to sell off their assets, like livestock, which would grow in value over time. The short-term coping strategy helped these families to face the crisis but crippled their future options for diversifying livelihoods.

Some fisher respondents of our study, on the other hand, were unable to diversify income sources due to low income and a lack of credit to invest in alternative income-generating options. Islam et al. (2014) reported similar findings in Bangladeshi coastal fishing communities who mentioned economic and social barriers challenging livelihood diversification. At the present study sites, respondents also lacked access to financial institutions, such as banks, and formal education, exemplifying socio-economic barriers.

Choudhury et al. (2021) noted that the overall community system often constrains fishers’ capacity. Our findings stand in line with their conclusion as most of the fishers were in an unhealthy relationship with the informal money lenders, which adversely affected community cohesion and indicated a negative interaction between community and household level resilience features. Alam et al. (2021) mentioned another insight into this scenario: they reported small-scale fishers’ need to borrow money without collaterals as they were excluded from the formal banking sector and were with limited access to social safety nets. Our study revealed that some fisher family members received loans from NGOs before the pandemic hit and loan installment collection was suspended during the pandemic following the instruction by Microcredit Regulatory Authority, a government organization (Rahman and Reza, 2021). However, this initiative was not enough for the fishing community members to be self-sufficient and there was a need to borrow money informally.

Leite et al. (2019) revealed that support networks were mainly built on religious beliefs (church cycles) and family support, thus showing a negative interaction between individual and community levels. Our study found the networks occurred mainly through friendships with neighbors and kinship with relatives. We, however, also found the exclusion of some households from the network of support based on religious belief. This perhaps explains why the respondents mentioned that no one helps if they are not relatives or friends and indicates a weakness in community cohesion. It marks an important negative interaction between individual, household, and community levels.

We found a positive interaction within a single level as respondents who engaged in formal institutions, such as fishers association, also mentioned their ability to voice and lead. However, the number of fishers involved in the association was very low and previous studies on small-scale fishing communities of Bangladesh also revealed poor participation in management activities (Islam et al., 2014, 2020b; Alam et al., 2021; Choudhury et al., 2021). Berkes and Ross (2013) also demonstrated the need for a community agency and social organization to enhance community resources. Thus, a lack of or limited access to formal institutions in our study areas indicates inadequate community network support translated into a negative influence on overall community resilience. Nevertheless, the positive interactions found between friendship, kinship, and access to materialistic resources were showcased by respondents with greater network support from friends and relatives having greater access to financial and materialistic resources.

The Government of Bangladesh and its Department of Fisheries take initiatives like fishing ban for the benefit of the fisheries sector. However, small-scale fishers, who are impoverished, uneducated, and already in debt, are bearing the burden of these rules. Economic incentives are being provided to them in form of food (i.e., 40 kg rice) or alternative income-generating activities (Islam et al., 2016), but those are inadequate to compensate for the loss that takes place during the ban periods (Porras et al., 2017b). Moreover, in the pandemic year, fishers tried to adapt to the combined stress from lockdown and ban with this limited available compensation package. Even this relief was only available to fishers with identification cards and access to this card was often complained of as politicized and power dependent. Mozumder et al. (2020) and Haque et al. (2021) also found that the majority of the fishing community members were excluded from the power share and decision-making process. Our study also indicated fishing communities’ inability to voice for their rights, which is mostly linked with their limited access to any local-scale fishers-centered formal institution (e.g., fishers union).

Similarly, Mangubhai et al. (2021) showed that social inequity and power play made Indo-Fijian small-scale fishing communities vulnerable to economic stress posed by the COVID-19 pandemic. This issue also negatively influenced Bangladeshi fishing community’s social capital as we found all the community members were not included in the compensation package and it not only became the reason for suffering or economic loss for the members who were excluded, but also decreased community cohesion. This results in a decreased overall community resilience by creating a social division between different groups, such as cardholders and non-cardholders, as the non-cardholders lacked access to aid during the 65-day fishing ban. This decreasing community resilience ultimately weakened the bridge between people from different power gradients and challenged the respondents’ ability to adapt within the communities’ capacity.

Previous studies (Dewhurst-Richman et al., 2016; Islam et al., 2016; Deb and Haque, 2017; Porras et al., 2017b; Mozumder et al., 2020) indicated the need for effective implementation of regulations, providing incentives to encourage alternative livelihoods and income generation, and inclusion in the decision-making process to reform fisheries. Our study further adds that any national and local-scale measures will only be successful if it is inclusive and do not keep any space for social stratification through practicing biased networking, power or politics. Moreover, receiving compensation by selective households may increase the resilience of those households, but will ultimately negatively influence the over community resilience.

Our study revealed resilience features at the household level showed higher variability than the features at the individual and community levels (Figure 2). The reason behind this may be household’s intention to adapt to shocks and stresses within the household’s ability, by keeping fishing as their primary occupation, as some of the community resilience features (i.e., social stratification) negatively influence household resilience. Moreover, positive interactions between household and individual resilience features indicate that at the present study sites, resilience promoting strategies are mainly adopted within these two levels, and still, community-level resilience lacks enabling features. Thus, there is a need to emphasize reducing the negative interactions to enhance community level resilience. Our findings indicated a combination of persistence and adaptation in the study areas. Although the studies by Islam et al. (2020a, 2021b) on the freshwater and brackishwater fishing communities of Bangladesh found transformative adaption, we did not find any such indication of transformation in our study areas. Respondents persisted in fishing activities and adopted adaptation measures as an alternative option to cope with the shocks and stresses posed by the pandemic and fishing ban. However, the next generation might not persist in this livelihood option as fisher parents now understand the importance of formal education, and about three-fourth of them opined of the next generations’ enrollment in the formal educational institutions, although stresses often force fishing community members to take children out of school for child labor (Islam et al., 2021a). Nevertheless, a transformation might happen in the future in the present study areas, but currently, persistence and adaptation were found to allow resilience building against shocks and stresses.



RESEARCH IMPLICATIONS

Our study on the coastal fishing communities of Bangladesh under shock and stress posed by the COVID-19 pandemic and 65-day fishing ban underlined the need for unpacking resilience of the individual, household and community levels. This helps to minimize the fragmented analysis of SES resilience, ignoring the role of each social level and their interactions. We explored both positive and negative interactions between these levels. Lack of community resilience did not mean low household and individual resilience. Instead, householders with high resilience negatively affected the overall community resilience. Moreover, the resilience of some groups contributed to increased social stratification and differentiation, decreasing overall community cohesion. We revealed the parallel continuation of persistence and adaptation to allow resilience while responding to shocks and stresses.

Based on this understanding, we have identified three broad implications of our study. First, viewing resilience through a multilevel lens allowed us to focus on the above-mentioned essential aspects of SES resilience that would be missed, if only one level were considered. However, resilience features can be changed with the emerging shocks and stresses. The COVID-19 is very likely not the last pandemic, and fishing communities might face new shocks and stresses from new changes in the environment, society, and policy in future and the fishing ban would continue in the coming years. Thus, future studies might consider understanding resilience at multilevel, including national context and external factors on a broader spatial scale, as the present study was limited to individual, household, and community levels of a small geographic extent.

Second, the findings of our study can help the policymakers to include a multilevel perspective in the SES resilience-building strategies to ensure the reduction of negative interactions between levels, and in this way, community resilience will be promoted, and households and individuals will be benefited equally. The other policy implication includes a need for a strong institutional and governance regime and transboundary cooperation to control intruders and illegal fishing during the ban and any kind of fishing restriction periods to make the fishing ban fruitful and to promote SES resilience. National policies and rules also need to make government-provided economic incentives inclusive and sufficient by keeping no space for social stratification. Fishing community members receive very limited or no support from private, non-government and government organizations to cope up with the pandemic (Hoque et al., 2021). Thus, compensation policy implementation needs to consider not only fishing bans, but also any other abrupt changes, such as the COVID-19 pandemic, that may pose shocks and stresses. Incentive distribution policies may involve fishers-led organizations together with the government entities to promote fair distribution avoiding powerplays as it leads to social division.

Third, from an implementation point of view, we suggest a number of adaptive management strategies for small-scale fishing communities. Strategies to increase equitable community access to financial institutions and the social safety nets are needed to help the fishers diversify their livelihoods and escape from the informal money-lending trap. Moreover, the present situation of the unhealthy relationship between fishers and mohajan needed to be brought under legal framework and documentation to ensure fishers rights and enhance community resilience. Low or no-interest loans should be provided to the fishers to support them buying own fishing equipment and generating alternative income sources, like small-scale farming and other jobs. These could also increase fishing communities’ resilience in times of unpredictable economic shocks affecting local fisheries (Islam et al., 2016; Pomeroy et al., 2020). Collaborative income generation, such as collaborative small business initiatives, can be taken by NGOs to help build community resilience and reconnecting the loosening bond among the fishing community members. Actions should also be taken by private entities to introduce virtual platforms for the fishers to sell fish online when physical access is restricted or physical market space is disrupted. It will help to adapt to the unpredicted income shocks and build households resilience.

Training and counseling are necessary to enhance community members’ psychological strength and individual resilience as individuals constitute households and households constitute the community. Local-scale strategies should also be taken to help fishing community members practicing community coordination and build a strong community network among both male and female fishing community members that can help reduce the negative interaction among different social levels. As government initiatives are often documented as insufficient (Islam et al., 2016; Hoque et al., 2021), communities’ skills should be developed with the help of government or private entities to help fishing community members remain resilient using communities’ capacities and bonding.

Management strategies should include women empowerment programs as the present study showed less engagement of women in income-generating activities and a negative influence of individual resilience features (i.e., patriarchal norms) on this issue. Women are considered more vulnerable under shock and stress as their percentage is high in the informal workforce, and they often fail to access the financial and social protection offered by the management mechanisms (FAO, 2020b; Campbell et al., 2021). Capacity building initiatives are needed for women to be engaged in income generation and contribute to family income. Thus, the individual resilience among women will be increased by providing both psychological and financial strength and it will positively influence building household resilience.
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Based on an interdisciplinary experience addressing traditional dimensions in marine resource management in the Pacific, the socio-ecological interconnectivity between island communities, the ocean realm and the legal context concerning the management of seabed resources (Tilot, 2006, 2010; Tilot et al., 2018, 2021a,b; Mulalap et al., 2020; Willaert, 2020a,b, c; 2021; DOSI, 2021), this paper proposes to discuss the relevance and efficacy of the concept of “Oceanian Sovereignty” (Bambridge et al., 2021) in the context of Deep Sea Mining, from the different legal, environmental, anthropological, social, political, and economic science perspectives. The policies and practices developed in the Pacific in this context could well serve as a suitable model elsewhere to reconcile competing perspectives in addition to sustaining the Human Well-being and Sustainable Livelihoods (HWSL) and the health of the Global Ocean.
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INTRODUCTION
The concept of the Blue Economy has come into increasing prominence since 2010, and perhaps nowhere more so than in many Pacific Island nations whose “sovereign” territory is overwhelmingly maritime. The Blue Economy espouses the idealized, but deeply problematic concept of sustainable development. The tension in this concept arises from the combination of the idea of economic expansion still being at the core of development, but now linked to conservation, ecosystem rehabilitation, and social justice and equity. There is an implicit assumption that the oceans can be both a source of sustainable (and expanding) revenue that will allow greater conservation and rehabilitation of marine ecosystems under pressure from both unsustainable development and global warming (Ardron et al., 2008; Silver et al., 2015; Mallin and Barbesgaard, 2020).
Practices and discourses around deep sea mining (DSM) shed vivid light on the complexity of the conundrum in which stakeholders in such pioneering ventures find themselves, namely, a seemingly self-defeating double race toward conflicting goals: economic growth via scientific progress, on the one hand, and the respect and preservation of our planet’s rich ecosystems on the other, in which partnerships with local communities are increasingly seen as fundamental (Childs, 2019). True technological progress increasingly allows us to escape this dry alternative: after all, apart from the more than €10 billion it might provide in annual turnover by 2030 (EU COM, 2012), the ambition of DSM is to serve as sources of metals in the twenty first century, in particular rare earth elements (REE) (Hein et al., 2020), and to help societies transition from carbon heavy fossil-fuels to renewable resources, in particular to supply Electric Vehicle Systems batteries (Takaya et al., 2018).
However, in practice, our ecological and economic imperatives often form deeply intricate—frequently intractable or even paradoxical—(Gordian) knots, as ecologically motivated decisions and policies often hide powerful economic and/or political ambitions (Campling and Colàs, 2017; Mackelworth et al., 2019; Mawyer, 2021) which, though in partnership with local communities, may be at odds with aspects of their sovereignty practices or aspirations. At the same time, economic decisions and policies might very well (intentionally or not) either impair or reinforce environmental measures and social justice measures (Byerlee et al., 2009).
Such intricacies, correlated with the current compartmentalization and hyper specialization of our scientific knowledge, the typically western overconfidence about what constitutes “proper” knowledge (The World Conservation Union, 1989) and, perhaps even more importantly, our deep ignorance about the short and long-term environmental impacts of DSM (ESCO CNRS IFREMER, 2014), clearly impose great caution (Tilot, 2010, 2019; Tilot et al., 2018). However wonderful and henceforth necessary technological progress is to humanity, now is a time for prudence and humility rather than hubris. By its name only, the Anthropocene (Crutzen, 2002) suggests heavy responsibilities and a collective duty to limit the injurious impact we make on the planet.
If moral and ethical responsibility, openness, and interconnection are indeed to be the watchwords of progress in the twenty-first century (Kacenelenbogen, 2010, 2017) then these concepts should be paramount in guiding the design of a pertinent regulatory framework establishing standards and guidelines for DSM—that is, inclusive and based on a recognition of the politics of mining as “embedded in a world of things, bodies, networks, and socio-economic relations” (Bakker and Bridge, 2006). An essential first step in that direction would be to consider vast oceanic spaces as not only bursting with precious (and mostly unknown in the deep) life, but also as a highly social and political locus, a “voluminous” (Bridge, 2013; Elden, 2013) or “ontological” space, that is, a political—even moral—actor in its own right (Lehman, 2013; Steinberg and Peters, 2015) and which is woven through with what we identify as dynamic issues of Oceanian sovereignty (Bambridge et al., 2021).
First articulated in the 1990s by Tongan-Fijian scholar Epeli Hau’ofa, ‘‘Oceanian Sovereignty’’ is a concept linking the right to make decisions on land and ocean spaces to cultural stewardship/guardianship developed in, and unique to, the Pacific Islands.1 This concept is highly relevant to the seabed mining debate and should arguably be integrated more in scientific-based policies and legal frameworks (Hau’ofa, 1994; Mulalap et al., 2020; Bambridge et al., 2021). In this regard, it is notable that Cook Islands’ marine use policy involves widespread community consultation and accommodates various forms of the Blue Economy within its Exclusive Economic Zone (EEZ), including marine species’ protection (traditionally “ra’ui”-based) and seabed mining within the Marae Moana (“ocean sanctuary”) (Cook Islands Government, 2016). Indeed, lessons learned from the collapse of Nautilus’ seabed mining operation in 2019 in the Papua New Guinea due to a lack of consent of local communities (Rosenbaum and Grey, 2016; Filer et al., 2020), demonstrate that DSM and all aspects of the Blue Economy must include sensitivity to, and engagement with, local Pacific communities and sovereignty forms, as articulated by the concept of “Oceanian sovereignty,” which is the foundation of holistic ecosystem-based and customary-based relationships (Blue Ocean Law and Pacific Network on Globalisation, 2016; Childs, 2019; Bambridge et al., 2021; Tilot et al., 2021a,b).
This paper proposes to discuss on the relevance of the concept of “Oceanian Sovereignty” in the context of deep sea mining in the Pacific based on current perspectives from a transdisciplinary approach. Insights on the traditional dimension of the marine environment for the Pacific Island States are placed in the shifting socio-ecological systems of the Pacific where deep sea mining would occur. Then, in view of sustainability, traditional and science-based management tools will be compared for best practices at local and regional levels. In the discussions a new transdisciplinary approach is fostered by the team of authors to propose specific management tools, in particular a sustainability index adapted to deep sea mining. In view of all elements evoked, the dynamic role of Oceanian Sovereignty could contribute to a socio-ecological perspective of deep sea mining in the Pacific Island States and serve as model elsewhere in the world.



THE TRADITIONAL DIMENSION OF THE MARINE ENVIRONMENT FOR THE PACIFIC ISLAND STATES

The traditional “oceanian way of being” (Hau’ofa, 1994) in the Pacific Island States helps islanders transmit their identity and unique relationship to each other, as well as connects them to their natural and cultural environment for generations in a continuum perspective (Bambridge, 2016). It also has been effective in meeting community and ecosystem goals by preventing communities from exceeding their local carrying capacity. Sovereignty and the urge for development in Oceania, rather than locally driven and respectful of cultural heritage, are another transforming force for the use of marine resources and minerals. During the last decades, traditional management systems and customary marine tenure processes have undergone revitalization in many Pacific island countries and have been acknowledged to a certain extent in several legal systems in the Pacific and a number of regional and international instruments, but this important connection can certainly be further developed (Veitayaki, 2004; Govan et al., 2008; Veitayaki et al., 2011; Bambridge, 2016; Tilot et al., 2021a).

The central tenet of Hau’ofa’s oceanian way of being is that what western science and governance doctrine defines as user and regulatory rights derive not from territorial residence, but rather from sustained actions and commitment to fostering an environment and all its human interactions as guardians rather than mere users or residents. This vision is very compatible with the scientific management, as well as social and cultural justice as reflected, for e.g., in the “United Nations Declaration on the Rights of Indigenous Peoples” (UNDRIP, 2007). The latter establishes « “a universal framework of minimum standards for the survival, dignity and well-being of the indigenous peoples of the world and elaborating on existing human rights standards and fundamental freedoms as they apply to the specific situation of indigenous peoples” ».2 The Oceanian way is also capable of accommodating diverse approaches as long as commitment in actions and consequences rather than merely arguments for the sustainable use of ocean spaces.

The Oceanian Peoples, the “people of the sea” (D’Arcy, 2006), are proficient navigators capable of reaching in giant outrigger canoes the different archipelagos, establishing colonies or maintaining trade with distant lands, relying on their intimate knowledge of marine species and processes (among other natural elements) to guide their voyages (Lewis, 1972; Kuhn, 2008; Gooley, 2016; Eckstein and Schwarz, 2019). Numerous Pacific Island Countries still practice the traditional art of navigating, using only one’s senses and knowledge passed by oral tradition from master to apprentice, by memorizing the motion of specific stars, reading the shape of clouds, the colors of the sea, recording wildlife species, the shape of waves, currents and water temperature, in summary, using a “sensory ecology of ocean navigation” (Lohmann et al., 2008). This would resemble the sensory navigation used by migrating species in open seas such as sea turtles, sharks and cetaceans (Lohmann et al., 2008). It is also a way to show the deep connection to Nature of the Oceanian Peoples. These navigation routes were represented by ancient stick charts and by star compasses displayed by shells on sand. In the Marshall Islands, for example, this approach appeared to be far more sophisticated than present navigation with sextant, compass and maps (Romm, 2015).

It is notable to outline the cross-cultural issues in conceptualizing sea space (Jackson, 1995) and express the dynamics of transdisciplinary knowledge from all stakeholders into Integrated Local Environment Knowledge (ILEK) (Kitolelei and Sato, 2016). The processes of transformation of ILEK into perceptions, collective actions, social learning and hypothesis generating processes are enablers to achieve sustainable resource management (Figure 1). Although DSM would not currently be considered as a sustainable activity (Tilot, 2019), we would recommend to use the ILEK processes prior to DSM to better sensitize local communities to DSM processes and thus minimize future socio-ecological impact.
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FIGURE 1. Different perspectives of marine resource management in the Pacific Island States involving the concept of Integrated Local Environment Knowledge (ILEK). In the background, a linocut, “Wadth, Zigin Ar Kusikus,” made in 2005 by Alick Tipoti, an artist from Badu Island in the Torres Strait. © Alick Tipoti/www.artsdaustralie.com. It depicts an interpretation of the cycles of life at sea and the multi-faceted network between living species, humans, non-human entities and nature. On the right side, a conceptual diagram modified from Sato (2014) representing ILEK, integrating all stakeholders’ knowledge leading to perceptions and collective actions, a process used for adaptive societal transformation and social learning to achieve sustainable resource management.




PLACING DEEP SEA MINING IN THE SOCIO-ECOLOGICAL SYSTEMS OF THE PACIFIC REGION

Deep Sea Mining cannot be understood when disconnected from planetary boundaries (Galaz et al., 2012) within which the resilience and adaptive capacity of socio-ecological systems is (still) possible, as these systems are strongly coupled, highly complex, and changing rapidly, thus placing them at the center of research that addresses the impacts of ecological change on human societies (Bograd et al., 2019). Because of the location of the current DSM “hotspots” and the active participation of several regional States (Cook Islands, Nauru, Kiribati, Tonga) in DSM ventures (ISA, 2011a,b, 2012, 2014), this emerging industry is bound to have a significant impact on the whole Pacific region, its people and the relevant socio-ecological systems. The fact that communities do not have sufficiently close geographic proximity with actual DSM sites, which are located both within and beyond the limits of national jurisdiction, obscures the socio-ecological and ontological relationship these communities share with their environment. According to such obtuse or reductive understanding, it is worth noting that the environmental dimension of DSM is the primary dimension to be valued and therefore studied in the literature [Baker and Beaudouin, 2013; United Nations Environment Programme (UNEP), 2014; Bourrel, 2015; UNEP-WCMC, 2016; Bradley and Swaddling, 2018; Sharma, 2019; Singh and Hunter, 2019; UNESCO, 2019; Kakee, 2020] This would explain why most of the Pacific Island communities have a distant deep sea “minescape,” by reference to environmental impacts, with actual DSM sites located both within and beyond the limits of national jurisdiction (Ey and Sherval, 2016).

This vision obscures the highly complex socio-ecological and ontological relationships between these communities and their marine and coastal environments which are also changing rapidly. Traditionally, these often extended beyond current EEZ and state maritime boundaries to other island communities, now belonging to different nations. Such relationships are evident, for instance, in practices of traditional tuna fishing spots around Fish Aggregating Devices (Gillett, 1987), or over seamounts (Bonneville et al., 2002).

Furthermore, this distancing is accentuated by the complex and fragmentary nature of law and institutions governing DSM and more generally, the marine environment and ocean space as well as activities taking place at sea. Against this background, stakeholders are harder to define (Warner, 2014) and mutual consistency in terms of rules and policies more difficult to obtain. Therefore, DSM is not only a site of empirical novelty (Petterson, 2008), it also invites a conceptual reconsideration of the ways in which the geographies and practices of resource extraction interact with the terms of the “social” (Childs, 2019) and ‘‘ecological’’ traditions of Pacific Island States and communities. This tradition is visible, for instance, in their effective implementation of sustainable-use governance over easily over-exploitable migratory species as Parties to the Nauru Agreement (PNA)3 (Aqorau et al., 2018).

From a social standpoint, DSM is different to terrestrial mining: without land owners, it is much more difficult to define impacts and their spatio-temporal scales (Childs, 2019). From an ecological standpoint, there is a connectivity between Pacific Small Island Developing States (P-SIDS) relying heavily on marine resources through, inter alia, circulation of currents and oceanic properties and migration of species, e.g., highly migratory fish and mammals (Garcia and Doulman, 2005; Gillett et al., 2018; Popova et al., 2019).

From a mutual standpoint, an approach that is too fragmented, by marine areas, type of activities, etc., or an approach that is too reductionist, conceiving of environmental impacts in a foreseeable spatial or temporal relationship, might seem arduous to reconcile with the tradition of Pacific States and communities as well as with integrated approaches to environmental management (Vierros et al., 2020).

Regional cooperation has been the response to “ocean grabbing” where vast expanses of pelagic and seabed ocean spaces were largely unpoliced and exploited (Bennett et al., 2015; Silver et al., 2015; Le Meur et al., 2018). The first large-scale, no-take marine protected areas (MPAs) and sanctuaries, targeting highly migratory pelagic fish and marine mammals, were created in the mid-2000s and developed into a large network in the region (Jeudy de Grissac, 2003; Govan et al., 2009; Bambridge and D’Arcy, 2014; Tilot et al., 2021b) including « Locally Managed Marine Areas (LMMAs) » with strong socio-ecological benefits in particular for biodiversity conservation, fisheries management, livelihood diversification, and climate change adaptation (Ruru, 2008; D’ Arcy, 2009; Jeudy de Grissac, 2015).

The Strategic Plan for Biodiversity of this network presently includes the Aichi Biodiversity Targets.4 These targets have supported the design of the Sustainable Development Goals (SDGs)5 adopted by the UN General Assembly (UNGA, 2015). The “Framework for a Pacific Oceanscape,” endorsed in 2010 by the Pacific Islands Forum leaders, is the largest ocean governance initiative of the planet, over 38.5 million km2, emphasizing integrated ocean management across all sectors to ensure good governance (UNEP, 2010; Bourrel et al., 2018).

Concerning DSM, the Pacific Island States, supported by the EU, cooperated to develop a contemporary Regional Legislative and Regulatory Framework (RLRF) for deep sea minerals exploration and exploitation (SPC, 2012) which serves as a roadmap to guide policy-makers and government agencies of Pacific Island States toward effective legislation and adequate decision-making for the long-term benefit of island communities and future generations. Environmental protection, responsible management of resources and due regard for social impacts are clearly emphasized, in particular traditional rights over resources, marine species (e.g., migratory species) and spaces (e.g., “tabu” areas).

In the perspective of changing socio-ecological systems, DSM has a wide range of identified environmental and climate related impacts, such as a reduction of primary production and carbon export to the deep sea (Levin et al., 2020). Furthermore, one must consider cumulative impacts, which are presently getting worse (Pacific Community, 2012; IPCC SROCC, 2019), within the water column and the seabed, with IPCC’s extreme weather events and anthropogenic disturbances generally resulting in degradation and homogenization of habitats across broad tri-dimensional areas (Glover and Smith, 2003; Thiel, 2003; Smith et al., 2008; Galaz et al., 2012; Levin et al., 2016; Miller et al., 2018; Tilot, 2019).

Besides threatening marine ecosystem integrity, climate change negative impacts on the Ocean question States’ territorial integrity (Maas and Carius, 2012; Hoegh-Guldberg and Poloczanska, 2017; Allen, 2018; IPCC SROCC, 2019) and might affect DSM planning in a near future. “Shifting baselines” (Orellana, 2015) may result in modifications of the marine spaces of archipelagic States (territorial sea, contiguous zone, archipelagic waters, EEZ, and continental shelf) while also entailing other issues such as the loss of statehood, internal, and external population migration, climate or environmental refugees (Burkett, 2011; Van der Geest et al., 2020) and threats to peace (Von Schorlemer and Maus, 2014).

Thus the mutual reinforcement between climate, biodiversity and ocean legal and political frameworks at international, regional and national levels implies fostering regime interactions across the various stages of law-making, implementation and dispute settlement (Gattuso et al., 2018; Guilloux, 2020) and pragmatic solutions for ocean health and wealth that support the SDGs (Hoegh-Guldberg et al., 2019). For example, the Convention on Biological Diversity (CBD) could be interpreted as involving Indigenous Peoples and local communities in climate-change-related decision-making (Morgera and Tsioumani, 2011).



TRADITIONAL AND SCIENCE-BASED MANAGEMENT TOOLS FOR THE MARINE RESOURCES OF THE PACIFIC ISLAND STATES

Even if indicators are presently linked to the SDGs, they have mostly been developed within the Western scientific paradigm and largely reflect the traditional siloes of economic, social and environmental issues, very far from the holistic world-view of many Indigenous peoples, in particular, in the Pacific Island States where traditional practices integrate human benefit and environmental well-being through various socially embedded management techniques (Dahl, 2011). Such global measures as the Human Well-being and Sustainable Livelihood (HWSL)6 indicator would be well adapted, in this case, to determine the effectiveness of policy measures in resource management (Dahl, 2012; Sterling et al., 2020; Vanuatu National Statistics Office, 2021).

Work on indicators is only recently extending beyond the Western statistical framework and world-view to become more systemic and inclusive, and involving local people directly in indicator design (Duxbury and Gillette, 2007). Even the Vanuatu well-being indicators (Vanuatu National Statistics Office, 2021) measure only knowledge of traditional practices and not their content or impact. The case studies assembled in Sterling et al. (2017) include several examples of socio-ecological indicators developed directly at the community level in the Pacific Islands and elsewhere, and one approach incorporating a Maori world-view of the complete unity of people and the natural world, based on interconnectedness, extended time periods, and intergenerational equity, that would be relevant to assessing islanders’ connections to the ocean realm near and far. All indicators in these studies have proven to support community decision-making while providing information to policy makers in different contexts, in particular on how local communities contribute to the maintenance of biological diversity and on the ecosystems’ ability to respond to stresses and global change.

On basis of such indicators, one could establish a standardized method that would cover social/cultural, economic, political/governance, and environmental perspectives providing a more complex view of well-being than traditional metrics on Gross Domestic Products (GDP), which often drive policies promoting material progress over a less tangible « well-being » concept.

The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), has gone the furthest in incorporating Indigenous and Local Knowledge because of its importance in biodiversity conservation7 and having developed biocultural indicators (Dacks et al., 2019).

A holistic view of the environment is a first step toward reconciling traditional and scientific perspectives. This view corresponds also to one of the Ecosystem based Management (EBM)’s core principles—the interconnectivity between and within terrestrial and marine ecosystems. From a local perspective, the systematic articulation of local ecological knowledge and cultural values through the natural (e.g., marine science) and social (e.g., anthropology) sciences can better promote local participation in the design and implementation of environmental management and produce a more inclusive, transdisciplinary, approach to conservation (Bennett et al., 2017; Aswani, 2020). The socio-ecological monitoring tool proved to be effective in the Pacific region is the EBM tool (Bambridge, 2016; Sanborn and Jung, 2021). It could be adapted to assess impacts of DSM to Pacific Nation Islands in a holistic approach.

An “Indigenous hierarchical cognition of the seascape” has been designed by a mix of ethnographic, geographic, economic, and marine science research methods using Geographic Information System (GIS) for the Pacific Islands (Aswani, 2011). To illustrate this in Figure 2, we developed a baseline GIS model for DSM risk assessment (Tilot et al., in progress) applied to an area on the western New Ireland island in the Bismarck sea proximate to the Solwara deep Sea Mining project in PNG (Nautilus Mineral Inc, 2008; Filer and Gabriel, 2016).
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FIGURE 2. This map illustrates the capacities of Geographic Information System Mapping (GIS) to enable the risk assessment of an area, in western New Ireland Island, PNG, located in the Bismarck Sea (Tilot et al., in progress). The area is assessed as socio-economically and environmentally vulnerable. The geo-positioning of different layers of information corroborates the location of small indigenous villages, the sites of Locally Managed Marine Areas (LMMAs), the types of coral reefs habitats and bathymetry and the economic impact assessment due to natural hazards through an Average Annual Loss (Andréfouët et al., 2006; PacGeo, 2020). Map designed with Geospatial data sets obtained from open access geospatial data repositories from the Millennium Coral Reef Mapping Project,(Data from a global coral reef database that was released by the United Nations Environmental Program World Conservation Monitoring Center (UNEP-WCMC). It was created from multiple sources, including USF’s Millennium Coral Reef Mapping Project Seascape database and merged together by UNEP-WCMC and the WorldFish Center in collaboration with the World Resources Institute (WRI) and The Nature Conservancy (TNC).) the Institut de Recherche pour le Développement (IRD/Center de Nouméa), the geospatial data repository for the Pacific Region (PacGeo, 2020), the online GIS databases of the World Wildlife Fund (WWF) and the Coral Triangle Atlas.


The preliminary results show that the area is assessed as vulnerable socio-economically and environmentally, in particular climate wise with severe natural events (Asian Development Bank (ADB), 2009; UNDP/CCDA, UN house PNG, 2017; Tilot et al., in progress) (Figure 2). It would therefore be more sensitive to impact from proximate DSM projects. Further steps would require a risk assessment of the whole region including marine environment (coastal and deep environment) and biodiversity, socio-economic considerations (in particular ecosystem services), health and safety, natural and cultural human heritage (Cormier and Londsdale, 2020; Tilot et al., in progress).



DISCUSSION


A New Transdisciplinary Approach for Developing a Sustainability Index Adapted to Deep Sea Mining

When discussing the relevance, from different legal, environmental, anthropological, social, political and economic science perspectives of a « sustainability index » for DSM, one would have to assess the interconnectivity between biodiversity, ecosystems and local communities and their HWSL. This new transdisciplinary index would inform decision-making for the sustainable use and conservation of marine resources and services and ensure that marine benefits are realized in a holistic, sustainable and equitable manner as fostered by contemporary ocean governance, in particular concerning DSM in the Pacific. This would improve the science-policy-society interface for enabling and improving ongoing efforts to understand the role of economic, social, cultural, and political norms and values in ocean governance as well as to sustain HWSL of the Pacific communities and the health of the Global Ocean (Claudet et al., 2020; Halpern, 2020). It could also serve to improve ocean literacy. Moreover, this index would integrate human, cultural and traditional behavior in decision-making into local, regional and global models, and should promote increased transparency and public participation.



The Relevance of the Concept of “Oceanian Sovereignty” in the Context of Deep Sea Mining in the Pacific

While Hau’ofa’s concept of “Oceanian Sovereignty” conveys rights distinct from those granted by Island States and the international agreements and institutions which they establish, sensitive engagement with this community-and-region-grounded sovereign governance should be accommodated as supporting the responsibilities or even duties of all individuals, communities, as well as the States and agencies engaged in DSM in the Pacific. A vision of “Oceanian Sovereignty” implies the presence of the past and a history of prior linked historical environmental and social traumas and the responsibility to acknowledge and respond to them. This can be enhanced by recognizing generations of guardianship within the region’s communities as ongoing and active, which, in turn, may better support the possibility of DSM actors and institutions being recognized by local communities.

The concept of “Oceanian Sovereignty” suggests therefore that governance or management action should be perceived, conceived, and engaged as a common enactment between partners which may overlap with but not be defined by the national or international governance framework whose agents and agencies are seeking to enact DSM. One of the most delicate issues confronting any governance or management context is the establishment of who can determine environmental and ecological futures and make decisions (Mawyer and Jacka, 2018). Thus, “Oceanian Sovereignty” implies that DSM actors should recognize, acknowledge, and develop policies, governance and management, and practices which express this reciprocal relationship central to their commitment to environmental protection and social justice toward ecological futures for the region and its marine spaces and resources.

The monitoring of resource exploitation activities across the Pacific cannot be done without the cooperation of the so-called great powers involved in fisheries in the region (notably the United States, New Zealand, Australia, and France) and the exploration and exploitation of seabed resources beyond national jurisdiction managed by the International Seabed Authority (ISA). The challenge is to allow a transparent flow of governance authority including the information necessary for policy determinations to local and regional stakeholders who share in “Oceanian Sovereignty.” Environmental conservation action is thus one of the arguments and tools that can be used to assert geostrategic interests and “Oceanian Sovereignty” within a much larger set of diplomatic and legal instruments (Leenhardt et al., 2013; Giron, 2016; Heiduk and Wacker, 2020).

The future of DSM initiatives in the region would do well to similarly recognize, acknowledge, and engage with the dynamic presence of “Oceanian Sovereignty” as they seek to assess and understand the potentials and possible impacts of DSM on Pacific Nation Islands in a holistic approach. In this sense, DSM can contribute to socio-ecological problem shifting as does environmental management and conservation (Aswani, 2011; Schoon and Van der Leeuw, 2015; Virapongse et al., 2016).

It appears clear that Oceanian States need robust laws to govern key marine environmental issues (biodiversity conservation, marine bio-prospection, coastal and deep sea mining, ocean acidification, climate change, pollutions and their impacts). After all, international treaties are not always effective and can in various situations not be applied, while regional conventions mainly provide guidelines for States on how to develop suitable legal frameworks and thus do not typically constitute binding instruments by themselves (Tilot et al., 2021a).
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FOOTNOTES

1It departs from the legal concept of sovereignty, according to which States, in the sphere where their authority is to be exercised (internally or externally), hold a power which is not exercised by any other power and which cannot be equaled by any other power.

2https://www.un.org/development/desa/indigenouspeoples/declaration-on-the-rights-of-indigenous-peoples.html, consulted on 04/06/2021.

3The subregional Pacific Nauru Agreement concerning cooperation in the management of fisheries common stocks (PNA) has been signed by eight Pacific Countries in 1982 and entered into force the same year. The management measures it establishes have been specified by 3 implementing arrangements and later endorsed by the Western and Central Pacific Fisheries Commission which includes all distant-water fishing nation fleets (South et al., 2004).

4CBD, 2010, Decision X/2 of the Tenth meeting of the Conference of the Parties to the Convention on Biological Diversity. 18–29 October, 2010, Nagoya, Aichi Prefecture, Japan. Par. 14.

5The SDGs 14 and16 encourage ocean sustainable management and its governance to include traditional and customary institutions.

6HWSL is defined as the social, spiritual, cultural and traditional characteristics and the capabilities, tangible assets and means of living that set the stage for sustainability, resilience, and adaptability of people to change collectively (WCED, 1987; Millenium Ecosystem Assessment, 2005; Holden et al., 2014).

7https://ipbes.net/indigenous-local-knowledge (accessed July, 30, 2021).
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INTRODUCTION

The COVID-19 pandemic is the first serious test of how science can inform decision-making in the face of an immediate global threat, yielding important lessons on how science, society and policy interact. The global societal and economic impact of COVID-19 has shown that we need to assess, plan and prepare for potential future changes. These insights are particularly important for the ocean science community because of the global connectivity of the ocean and its crucial role in the Earth's climate system and in supporting all life on Earth. With climate change already impacting society and ecosystems, implementing mitigation measures to avoid and reduce emissions of greenhouses gases is an immediate priority (IPCC, 2021). Irreversible changes are already underway in the oceans and their impacts over the coming decades will continue to affect human communities, requiring societal responses and adaptation across multiple scales (IPCC, 2019, 2021).

The importance of the ocean in the Earth's climate system, influencing weather patterns and affecting sea level, is now recognized by governments and increasingly so by the public. Less well-appreciated is the central role of the ocean in maintaining ecosystems and biodiversity and in supporting human systems. Approximately 680 million people live in low-lying coastal zones, and ocean and coastal economies support millions of people globally (Ebarvia, 2016; IPCC, 2019). The global economy associated with our coasts and ocean (the “Blue Economy”) is estimated to have an asset base of over US$24 trillion (24 ×1012) and generates at least US$2.5 trillion each year from the combination of fishing and aquaculture, shipping, tourism, and other activities (OECD, 2016). Nevertheless, marine systems across the planet are being altered because of climate change and human activity with impacts at local to global scales (e.g., Allison and Bassett, 2015; He and Silliman, 2019; IPCC, 2019; UN, 2021). These changes are unprecedented, threatening the capacity of the ocean to maintain crucial services to the planet and human communities (ecosystem services), including those that provide (e.g., food, water, and economic security), regulate (e.g., climate), support (e.g., nutrient cycling) and are cultural in their nature (e.g., traditional or recreational use) (IPCC, 2019; Sala et al., 2021) and so are increasing the potential for societal conflict.

The challenge is urgent. There is an immediate requirement to go beyond calls for action to deal with aspects of the impacts of climate change and human activities on the ocean (IPCC, 2019; UNESCO-IOC, 2021). An Action Plan for the Ocean is needed that develops a comprehensive global understanding of and plan for dealing with multiple ocean risks, that is flexible and adaptive as knowledge expands and new threats arise. The urgency of the challenge requires an internationally coordinated effort that draws on existing global research capacity and networks; a key opportunity presented by the UN Decade of Ocean Science for Sustainable Development 2021-2030 (UNESCO-IOC, 2021) that must not be missed if we are to minimize change in ocean systems and impacts on the services they provide to society.



THE IMPORTANCE OF ASSESSING RISK TO MANAGE RESPONSES TO OCEAN CHANGE

An awareness of risk is necessary to prepare responses to an uncertain future. The COVID-19 pandemic provides a timely insight into what can happen if there is not full awareness of risk, or if available information on risk is not acted upon and appropriate planning put in place. Over almost two decades, national and international risk assessment activities have made it clear that the likelihood of a global pandemic occurring and causing massive international, social and economic disruption was very high (e.g., Ross et al., 2015; WHO, 2017). Yet, when the COVID-19 pandemic surged across the world, the response was (and continues to be) variable (Dewi et al., 2020), being slow, poorly coordinated or even conflicting at both national and international levels in many regions. As the pandemic continues, insights into what went wrong, what went right and what should happen next are beginning to emerge (Dewi et al., 2020; Weible et al., 2020). These insights are relevant to the ocean science community because the impacts of major changes in the state of the ocean will likely far exceed the global social and economic consequences of the COVID-19 pandemic.

The financial cost of the COVID-19 pandemic is uncertain, with early projections suggesting trillions to 10 s of trillions of US dollars over 5 years (WEF, 2020). Losses associated with climate change impacts on the ocean are likely to be at least of similar magnitude and will continue to develop for decades. Without mitigation and adaptation measures, sea level rise scenarios project annual losses of 0.3–9.3% of global GDP by 2100 (IPCC, 2019; equivalent to ~US$0.25 to US$7.88 trillion per year based on 2020 GDP, World Bank, 2021), while losses from declines in ocean health and services by 2050 are projected to be US$428 billion per year, and by 2100 US$1.979 trillion per year. Under high emission scenarios, global fisheries revenue is projected to decline by over 10% over the next three decades, resulting in an annual reduction of between US$6 and US$15 billion (Lam et al., 2016). However, the recent IPCC (2019) report on the state of the ocean demonstrates the general lack of knowledge of the cost of many of the potential impacts at different scales.

The risks to societies and economies arising from natural or human-driven changes in the ocean have similarly been recognized by the scientific community and highlighted to governments and the public numerous times (e.g., IPCC, 2019, 2021; UN, 2021). Although general societal awareness of these risks is increasing (e.g., ORRAA, 2021), there is a need to ensure that the risks to the ocean, and associated human well-being, are fully understood and lead to appropriate planning and action to reduce or manage those risks. To support this, decision-makers need the relevant information and tools to make the necessary decisions at the appropriate time (Evans et al., 2019).

Building the information systems and tools for facilitating understanding and timely and appropriate decision making requires a coordinated transdisciplinary global effort linking natural, social and economic sciences (Rosa et al., 2017; Laffoley et al., 2020; Norstrom et al., 2020; Pendleton et al., 2020; UNESCO-IOC, 2021). Over the last decade, a number of programmes and projects have driven international efforts to develop the integration of human systems in global ocean ecosystem science, including the Integrated Marine Biosphere Research (IMBeR) project (Hofmann et al., 2015) to which the authors contribute.

We call on the ocean science community to unite to develop an Action Plan for the Ocean that underpins sustainable development and ensures that adaptive responses to global, regional and local risks are agile, well-coordinated, effective and equitable. We suggest that this is the grand challenge for ocean science for the 21st century. To help meet this challenge, the UN Decade of Ocean Science for Sustainable Development 2021-2030 (UNESCO-IOC, 2021) provides an opportunity to build global support systems for informing decision making on the critical time scales of the coming years and decades.



AN ACTION PLAN FOR THE OCEAN

We propose a three-component process to develop an Action Plan for the Ocean (Figure 1): (1) assess and rank risks, (2) identify options for action, and (3) develop action plans for adaptation at local, regional and global scales to respond to future change. This process needs to be continuously updated as new information becomes available and understanding improves.


[image: Flowchart illustrating an "Action Plan for the Ocean" with three steps: 1) Rank Risks - assess and rank ocean-related risks. 2) Identify Actions - use science to determine possible actions in response to risks. 3) Define Plan - create a set of adaptive actions and plans. The image emphasizes the need for updating.]
FIGURE 1. Schematic illustrating the main elements of an Action Plan for the Ocean.



1. Assess and Rank Risks

The second World Ocean Assessment (UN, 2021) provides the most up-to-date and comprehensive view of the state of the ocean, including human uses and benefits, and identifies declines in the services the ocean provides to society. In addition, there are numerous specialized and focused assessments of aspects of the ocean system and risks associated with change (e.g., Laffoley and Baxter, 2018; IPBES, 2019; IPCC, 2019, 2021; Singh et al., 2021). The challenge now is to develop an understanding of the relative importance of different potential risks to the ocean. This requires consideration of which risks are most likely, which could have the greatest impacts, across what time scales these might occur and which components of the ocean and society would be most severely affected (e.g., Mace et al., 2015; Holsman et al., 2017; Weaver et al., 2017; Laffoley et al., 2020; Singh et al., 2020). To develop this component of the action plan, a coherent framework for quantifying risk across scales is required. This can draw on knowledge and experience in the development and implementation of risk-based approaches within the context of conservation and sustainable development (e.g., Smith et al., 2007; Hallegatte and Rentschler, 2015; Holsman et al., 2017). Developing a risk-assessment framework as part of the action plan also requires that the language used, and the approaches and methods applied, are both widely understood and appropriate. Improving literacy in society of definitions of risk and the likelihood and scale of resulting impacts is crucial. Developing the framework will also necessitate improved understanding of what particular risks to the ocean mean for society and its diverse members, who have different perspectives and value systems, in order to prioritize risks in a range of contexts (Laffoley and Baxter, 2018; Pendleton et al., 2020; Singh et al., 2021).



2. Identify Options for Action

Based on a comprehensive assessment and ranking of risks (Step 1), options for action should be developed in an inclusive approach, to generate science-based, viable and deployable strategies for responding to current and potential future risks. These options for action should consider what happens if/when a particular event or set of events occurs using different approaches, and what might be appropriate pre-emptive actions and responses (IPCC, 2019; Laffoley et al., 2020). This requires an understanding of both the multiple direct effects of change, as well as a wider exploration of potential knock-on effects, interactions and consequences. It will also require analyses of alternative strategies and solutions, including for example, ecosystem-based/nature-based solutions that consider biodiversity and ecosystem-based management activities (IPBES, 2019; IPCC, 2019). Some risks may develop gradually, providing time to adapt and therefore allow for the implementation of actions in a stepwise manner. Other risks may occur rapidly, through shock events, an increasing frequency of extreme events or change occurring at thresholds or at tipping points (IPCC, 2019; Heinze et al., 2021), requiring immediate mitigation and adaptation actions. Developing such options for action extends the concept of scenario development beyond that used for exploring changes to climate and the ocean or biodiversity (e.g., IPBES, 2019; IPCC, 2019, 2021). It is crucial that in developing options for action, all interests and perspectives are represented. This must include indigenous and local communities, who are often most directly exposed to multiple risks associated with ocean change, and who also have valuable long-term knowledge and perspectives that can inform the development of options (Allison and Bassett, 2015; Singh et al., 2021). Development of options for action will also require enhanced routes for collaboration and communication between decision-makers and science advisory bodies and the development of new approaches to the leadership of societal responses to change and rapidly occurring events or hazards based on an understanding of risk (Few et al., 2020).



3. Define Action Plans

Based on the ranked assessment of risk (Step 1) and identification of potential actions (Step 2), action implementation plans will need to be developed. These would outline that for a given scenario X, action plan Y including actions A, B, and C will need to be implemented and supported via enhanced knowledge of specific processes D, E and F. To be effective, agreement on reducing risks, and mitigating and enacting pre-emptive actions will be a priority. The ocean-science community in its widest and inclusive sense is well-placed to provide tools for exploring the implementation of actions to support such a planning process. The marine science community has already developed such decision-based and adaptive approaches in some aspects of conservation and management. For example, harvest control rules used in fisheries provide a series of agreed guidelines that determine appropriate catch levels or management actions within a fishery based on agreed indicators. Nested action plans should be developed inclusively at local, regional and global scales (Rosa et al., 2017; Singh et al., 2021). They should also be coordinated so that best practices and resources required for effecting and implementing plans are shared and consistent across scales and agreed responses are developed and evaluated before they are needed. The step-based and cyclical structure for the development of the Action Plan for the Ocean will allow for continuous updating as new insights are gained and risks reassessed, similar to that already in place within other processes that regularly assess ocean environments (e.g., IPCC, the World Ocean Assessment and IPBES).




COORDINATION FOR ACTION

The World Health Organization (WHO) was able to monitor and communicate the development of COVID-19 so that universal information and warnings were provided for developing responses in a rapidly changing environment. Currently there are multiple international and national bodies and independent organizations generating assessments of the state of the ocean and the likely impacts of future change. Governance and management in the world's ocean ecosystems are based on national activities and international agreements that vary in scope and scale and in which there are many gaps and conflicting aims (see examples, IPBES, 2019; IPCC, 2019; UN, 2021). This collectively results in varying effectiveness and resourcing of activities across the globe and often results in competition for resources between initiatives.

A key lesson from the COVID-19 pandemic is that a patchwork of ad-hoc activities will not provide the scientific or advisory basis required for developing and implementing appropriate response to the changes expected and their impacts on natural and human systems. Without a coherent approach to the development of plans for action, marine crises will mirror the worst aspects of the response to the pandemic: uncertain, ineffective and delayed. The COVID-19 pandemic is a wake-up call for the ocean science community.

The urgency of the challenge is clear. Already sea level, ocean temperature and acidification of the ocean are increasing, and changes to ocean ecosystems are occurring (IPCC, 2019; UN, 2021). Over the near future ocean stratification will strengthen, sea ice will reduce, oxygen will decline, and the frequency of extreme events will increase, with projected declines in net primary productivity, global biomass of marine animal communities and fisheries catch potential, with the poorest nations experiencing the greatest projected losses (e.g., Lam et al., 2016; Lotze et al., 2017; IPCC, 2019; Boyce et al., 2020). Many of these changes are irreversible even with the most ambitious implementation of mitigation measures—adaptation will therefore be crucial. Systematically improving understanding of the risks, including estimates of the potential costs of future change in the ocean through multiple processes (Narita et al., 2020), will be essential in communicating the importance of developing and implementing an action plan.

For more than two decades there have been strongly justified claims that action is required, but without a coherent global plan such calls will continue to waste resources and time in a fragmented effort. COVID-19 has highlighted to the public and governments the importance of understanding risks and the need to prepare at national and international levels and has demonstrated the crucial role science can play as part of that process. The Action Plan for the Ocean we propose requires coordinated international development and generation of new approaches to assessing risk and the pre-emptive provision of adaptation options for decision makers to respond to future change. New organizational structures are not required, instead effort is needed to bring together existing initiatives and bodies with free and open sharing of datasets, information, and assessment, in a trusted format. This will require engagement with a wide range of ocean science and societal stakeholders in the development, planning, support and implementation of the action plan and to ensure it becomes an embedded long-term process in ocean science and management. IMBeR aims to develop the approach and will scope opportunities to elaborate the concept and present plans at a range of forthcoming international scientific and ocean-policy meetings. The UN Decade of Ocean Science for Sustainable Development can provide a platform for the coordination required, acknowledging and drawing on the strengths and resources of existing research networks and communities that in some cases have taken decades to develop and evolve. Such a coordinated effort can be nimble to new challenges and operate with the willing parties as soon as possible. Without such a response, the multiple effects of ocean change will make the disparate response to the COVID-19 pandemic look relatively successful.
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The survivability of the small-scale fishery and dried fish production in Indian Sundarbans, despite increasing threats posed by climate, environmental, economic, and policy drivers, suggests that they possess certain unique strengths and capabilities. One thread of these strengths is connected to the fact that Sundarbans’ fishery system is strongly anchored in the values and beliefs of the local fishing communities. There is, however, limited empirical information available on the prevailing individual and collective attitudes, expectations, traditions, customs, and, above all, values and beliefs that strongly influence local fishing communities of Sundarbans. This manuscript aims to address this gap by drawing on qualitative data to (1) map the nature of values and beliefs associated with the Sundarbans’ Sagar Island fishing communities who are engaged in small-scale fishery and dried fish production; and (2) highlight the contributions of values and beliefs to the small-scale fishery and dried fish production systems of Sagar Island. Our study reveals that historical factors such as the patriarchal and patrilineal system prevalent in the Indian Sundarbans as well as the current drivers, including environmental and social-economic changes, create inconsistent values and beliefs among male and female members of its society. Issues around values and beliefs are heavily influenced by social-ecological realities comprising material, relational and subjective dimensions. They can range from being strictly personal to largely community-oriented as they are shaped by realities of gender, class, power dynamics, and politics. Values and beliefs are fundamental to human perception and cognition but often get neglected in mainstream literature covering human dimensions of resource management. Our research adds weight to the theoretical and place-based understanding of the contributions of values and beliefs to the small-scale fishery and dried fish production systems. We learn from the case study that values and beliefs can act as mirrors, reflecting the current as well as future realities of small-scale fisheries and dried fish production systems and provide important directions for sustainability and viability of the entire social-ecological system that hosts this sector.
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INTRODUCTION
Fisheries are complex social-ecological systems (SESs) (Berkes, 2011) that often involve multiple actors from various cultural groups. Small-scale fisheries (SSF) is an important sector that makes valuable contributions toward the society and human wellbeing (Weeratunge et al., 2014; Food and Agriculture Organization (FAO) of the United Nations, 2015; Johnson et al., 2018, 2019). SSF is generally characterized as a dynamic and evolving sector employing labor-intensive harvesting, processing, and distribution technologies to exploit marine and inland water fishery resources (Food and Agriculture Organization (FAO) of the United Nations, 2003). SSF contributes two-thirds of the global fish catch destined for direct human consumption, and provide critical contributions to food security, poverty alleviation, and local and national economies (Food and Agriculture Organization (FAO) of the United Nations, 2015). This suggests that SSF does not operate in isolation from the rest of the fishing industry, from other sectors, or society as a whole. Rather, it is a part of a larger social-ecological system, which can even be termed a “system within systems,” interwoven with economic, social, and cultural life in local communities (Jentoft et al., 2017). There is no global definition for SSF because they are highly diverse and include low-technology, low-capital fishing methods, rudimentary fish processing and marketing, as well as modernized and sophisticated gear and technology that fishers own and operate (Food and Agriculture Organization (FAO) of the United Nations, 2015). For instance, Indian fisheries remain far from homogenized as they span multiple social and economic classes and communities of fishers and fishery workers, and most of them could fall under the umbrella adjective “small-scale” (Jadhav, 2018). SSF provides support to over 90 per cent of the 120 million people occupied in fisheries globally and contributes to two-thirds of the global fish catch destined for direct human consumption, thereby making critical contributions to food security, poverty alleviation, and local and national economies (Food and Agriculture Organization (FAO) of the United Nations, 2015).
In comparison to highly modern, industrial fisheries of the Global North, SSF in developing part of the world involves less capital, smaller boats, lower-tech gears, fishing nearer to shore, community economic orientation, traditional governance, and production dedicated to local consumption needs (Jadhav, 2018). Although the activities within SSF can be conducted full-time, the prevalence of part-time or just seasonal employment is more in practice. The employment peaks in the months of the year when fishery resources are more abundant or available in coastal and offshore areas but shifts to other occupations during the off-season. Food and Agriculture Organization (FAO) of the United Nations (2008) has reported that the number of full-time fishers has declined in the past three decades while part-time fishers have grown quite rapidly, especially in Asia. This trend clarifies the deteriorating conditions of the ecosystems that host SSF and a corresponding decrease in availability and actual catch of fish by people involved in this sector. These changes have tremendous impact on the human dimension of SSF and DF production.
A large share of fish produced in developing countries such as India is preserved using simple techniques such as sun drying, salting, fermentation, and smoking (collectively referred to as ‘Dried Fish’ (DF) in this manuscript and forms a sub-sector within SSF). Much of the catch is dried, as facilities for freezing and transporting frozen fish remain poorly developed, particularly as many fish landing sites are in remote locations. It is interesting to note that the nutritional value of dried fish remains unchanged and sometimes even retains higher quality standards compared to fresh fish (Faruque et al., 2012). The high nutritional value of dried fish, their typically low prices, and their ready divisibility into small portions make them widely and readily available and of great importance to the nutritional intake of the fishing communities who cannot afford other sources of nutrition.
Considering the limited resources small-scale fishers possess in terms of investment capacity and fishing gears, dried fish production comes as one of the most preferred livelihood opportunities improving the viability of the entire SFF. Two overarching trends are evident from the above understanding of SSF and DF sectors. Firstly, SSF and DF production provide critical contributions to nutrition and food security, poverty alleviation and livelihoods, and local and national economies, especially in developing countries (Béné et al., 2007; Berkes, 2015). They (SSF and DF production) substantially add to the overall human security, especially to the economic, cultural, social, and political aspects of the poor and marginalized sections of society who remain involved in SSF and related activities. Secondly, despite these contributions, most SSF and DF communities are economically marginalized, increasingly vulnerable to climate and environmental change, and, until recently, have remained largely invisible in global and national policy discussions (Berkes, 2015). Consequently, an estimated 5.8 million fishers in the world reportedly earn less than $1 per day (Food and Agriculture Organization (FAO) of the United Nations, 2015).
In terms of gender roles in SSF, women and men often perform different roles in fisheries labor. SSF employ more than 90 percent of the world’s capture fishers and fish workers, about half of whom are women particularly in post-harvest and processing activities (Food and Agriculture Organization (FAO) of the United Nations, 2015). Globally, SSF production activities involve an estimated 2.1 million women (±86,000), who mainly target invertebrates from intertidal and nearshore habitats, representing approximately 11% of small-scale fishers worldwide and within that catches by women were found to be highest in Asia, estimated at over 1.7 million tons per year (±523,000) (Harper et al., 2020). Women also make up a significant portion of the workforce in dried fish, which is a sub-sector within SSF (Hossain et al., 2015; Belton et al., 2018; Medard et al., 2019). Women play a crucial role in supporting their livelihoods, cultures, and local economies (e.g., income, employment, food, social ties, and cultural values) through their engagement in SSF and DF production (e.g., production, processing, and marketing) (Galappaththi et al., 2021). Paradoxically, serious concerns have been raised regarding the sustainability of SSF and also about the people associated with it. First, the ecological integrity of the fisheries on which these sectors rely, is threatened, resulting in fish shortages and price shocks (Khan et al., 2002). Second, many producers and workers belong to marginalized groups (widows, refugees, religious minorities, and lower castes, for example) and are vulnerable to various forms of exploitation and exposure to health and personal safety risks due to poor working conditions (Belton et al., 2018). Third, the utilization of dried fish to produce feeds for growing aquaculture and livestock industry seem to divert fish away from human food chains (Funge-Smith et al., 2005).
These trends expose the simultaneous presence of both vulnerabilities and prospects for viability within the SSF and DF production sectors (Nayak and Berkes, 2019). Together with increasing threats due to climate, environmental, economic and policy drivers, these trends have created a global crisis in SSF (Paukert et al., 2017; Satumanatpan and Pollnac, 2017). Despite persistent neglect and the onslaught of marginalization, the survivability of many SSF and DF systems can be an outcome of certain strengths and forms of capabilities which fishers and DF producers of the region possess. One thread of these strengths is connected to the fact that SSF and DF systems are strongly anchored in local communities, and they reflect a way of life (Gatewood and McCay, 1990; Onyango, 2011) which in turn is strongly influenced by the prevailing traditions, customs, and value and belief systems. The pursuit of a good life, or living well, is shaped primarily by the values fishers practice. Also, one’s socially recognized capabilities to achieve what is being valued decide the degree of wellbeing (Johnson et al., 2018). It is precisely for this reason, the concepts of wellbeing and values are receiving considerable attention in terms of defining alternatives to the highly problematic ecological and social effects of human activities in the Anthropocene (Millennium Ecosystem Assessment (MEA), 2005; Rockström et al., 2009; Hicks et al., 2016). This manuscript aims to explore further the role of values and beliefs in the small-scale fishery and dried fish production systems using the case study of Sagar Island in Indian Sundarbans.
We address an important research gap in our understanding of the social-ecological system encompassing SSF and DF production in the Sundarbans region of India by highlighting the often-neglected perspective of values and beliefs. Values and beliefs are fundamental to human perception and cognition but often get neglected in mainstream literature covering human dimensions of resource management. Although small-scale fishery and fish processing is considered the backbone of the Sundarbans’ economy, it faces some serious problems related to biodiversity, sustainability, and livelihood (Chandra and Sagar, 2003). There is a strong need to bring more human dimensions to understand the Sundarbans’ fishing communities and the kinds of values and beliefs they practice, as they are the ones who possess the capability of saving the world’s largest mangrove forest region (Ghosh, 2015). When reviewed through the prism of the social wellbeing framework, SSF can be seen as embedded within an assemblage of human needs, desires, valuations, and relationships that are often particular to a place (Jadhav, 2018). The topic of SSF and DF production in the Sundarbans, with specific attention to values and beliefs, has not received the research attention it deserves considering the vital contribution it makes to the local economy and society. This manuscript responds to this particular gap by mapping the nature of values and beliefs associated with the Sundarbans’ Sagar Island fishing communities engaged in SSF and DF production and broadly highlights their significance.



VALUES AND BELIEFS IN SMALL-SCALE FISHERIES AND DRIED FISH PRODUCTION

Shealy (2016) states that “beliefs and values are at the very heart of why we humans do what we do – and who we say we are – to ourselves, others, and the world at large” (p. 3). Yet, values are not the only predictors of behavior as similar behavior may have different determinants. Indeed, value orientations, combined with capabilities, yield insights into the underlying motivations for choices and behavior (de Vries and Petersen, 2009). It is crucial to acknowledge that people’s values, customs, and traditional knowledge systems offer alternatives and adaptive strategies to strengthen livelihood assets and generate new opportunities during vulnerabilities caused by social-ecological changes (Daskon, 2010). These values are crucial for rural communities to recover from vulnerable situations by enabling them to adapt through the use of traditional skills, knowledge, practices, norms, etc., that are passed from generation to generation (Daskon and Binns, 2010).

“Values” are enduring conceptions of what human beings see as preferable and influence their choice and action (Brown, 1984). They are assumed to affect an individual’s beliefs, perceptions, and behavior in various ways. Schwartz (1994) defines values as “desirable goals, varying in importance, that serve as guiding principles in people’s lives” (p. 88). On the other hand, beliefs are more specific than values, as they typically refer to specific domains of life (Collins et al., 2007). Fishbein and Ajzen (1977) define beliefs as statements indicating a person’s subjective probability that an object has one or more attributes. For example, one may have beliefs about the role of stakeholders in fisheries management, about one’s behavior, or about the behavior of a government. Compared to values that are more deep-rooted and resistant to change (Burch and Sun DeLuca, 1984), beliefs may be more easily changed in the presence of new and contradictory information or life experiences – for example, fads and fashions in political and social thinking or the influence of a new social circle may change the existing beliefs (Collins et al., 2007).

The most common types of values used in social science research are associated with the work of Shalom Schwartz on “universal” human values. Song et al. (2013) and Song and Chuenpagdee (2015) have adapted and modified value schemes introduced in Schwartz (1990, 1992, 1994) to compile a value inventory specific to fisheries governance context (Table 1). Although we are adopting the aforementioned value inventory without any critical evaluation (this can be one of the limitations of this study), one has to keep in mind that this set of value inventory comes out as the most widely discussed and potentially significant when we consider research related to fisheries governance. The other aspect to note is that this value inventory also has its limitation in that it does not cover categories such as gender prejudices, caste hierarchies, and differences even though these notions are strongly present in the value types and categories. Song et al. (2013) categorized these twenty distinct thematic value types into four broader categories according to desired virtues of the society and inner self. They include (1) “better world” which implies what is desired for the world and broader society; (2) “good life” that includes what is desired for an individual’s satisfaction; (3) “personal virtues” which means desired virtuous inner qualities of a person and; (4) “outward aspirations” that includes desired relationship with humans or objects outside of self.


TABLE 1. Twenty thematic value types in fisheries.

[image: A table outlining types of values, descriptive statements, and value categories. Types include ecosystem conservation and social cohesion. Value categories are better world, good life, personal virtues, and outward aspirations. Adapted from Song et al. (2013) and Song and Chuenpagdee (2015).]
Value theory in social science explains that values are constructed through human action while also motivating human action (Johnson et al., 2018). We try to live consistently with our values while adjusting them according to our lived experiences (Graeber, 2001). Therefore, the question is not only what values are attached to SSF and DF production but also what they mean for the small-scale fishing people and the significance of those values in the viability of SSF and DF production. The present study intends to identify diverse common beliefs and the level of importance for every value held by male and female members of SSF/DF production in Sagar Island through four value categories that are identified by Song et al. (2013) and Song and Chuenpagdee (2015). Through this process, the relations of conflict and congruence among values and beliefs of fishing members will be revealed. According to Schwartz (1970), actions in pursuit of any value can have consequences that conflict with some values while being in congruence with others. In fisheries governance, having high numbers of conflicting values would not only cause the current issues in the governance to persist but would also contribute to lower governability (Song et al., 2013).



STUDY AREA AND RESEARCH METHODS

The Sundarbans, located within 21°32′ to 22°40′N and 88°05′ to 89°51′E, covers an area of approximately 10,000 km2 of which 62% lies within Bangladesh and 38% in India (Islam, 2014) and forms the largest contiguous mangrove forest on earth. The Sundarbans delta provides a physiologically suitable environment with respect to temperature, salinity, and other physiochemical parameters. Therefore, the Sundarbans have been the nursery grounds for nearly 90% of the important commercial aquatic species of the eastern coast of India (Chandra and Sagar, 2003). After agriculture, fishing is the most common means of livelihood (Danda, 2010) for over 4.4 million people residing in the Sundarbans (Census of India, 2011). The estimated percentage of households in the Sundarbans that list “fishing” as one of the family occupations is 11% of the total households inhabiting the area (Sánchez-Triana et al., 2014). This percentage goes up to 60–70% in areas with easy access to rivers (Sen, 2019) like Sagar Island. In the Indian Sundarbans Delta, caste and religious identities are not determining factors of access to resources and opportunities, as verified by a Danda et al. (2011) report. Following the principles of traditional livelihood practices and customary rights, both river and sea fish are considered as “commons” and “collectable” by everyone. The proximity of different religions, castes, and indigenous and immigrant households in the region points toward shared cultural and livelihood practices.

Sagar Island, located on the south-west edge of the Indian Sundarbans, was used as a location to narrow the geospatial scope of this research. Within the broader community of Sagar Island, five districts located in the south and west coastal area of the island were approached for participation, namely Gangasagar, Mahisamari, Dhablat, Beguakhali, and Mayagoalinighat. These districts were selected because of their: (1) geographical position (Sagar Island is in the extreme south-west island of the Sundarbans, and hence its south and west coasts are facing a severe threat from phenomena caused by climate change, including soil erosion, breach of embankments, loss of landmass, and rising sea levels); (2) proximity to the estuary and sea (provide both estuary and marine fishing); (3) famous sacred place (the location of Gangasagar pilgrimage at the meeting point of the sacred Ganges river and the Bay of Bengal; the ashram of Kapil Muni); (4) number of immigrants relocated after the submergence of northern islands; and (5) previously established social networks with “Fishermen Association of Sagar Island” to facilitate the researchers in sampling and providing useful information. After contacting one of the previous researchers working on Sagar Island, we were introduced to a local NGO. The NGO members then established our first meeting with the Secretary of the “Fishermen Association of Sagar Island.” The Secretary acted as the initial informant and connected the researchers to other potential key informants.

Traditionally, fish has a special place in Bengali culture and cuisine. Fish species, especially Rohu (Rui), Hilsa (Ilish), and Pomfret (Pomfret), are sought-after food in West Bengal. Hilsa (Ilish), one of the most valuable and in-demand fish of the Indian Sundarbans, is mainly caught during the monsoon season. While situating the Sagar Island fishery in the context of the Indian food industry, fisheries in India is generally perceived as a sector that is ever-expanding and therefore should act as an ideal livelihood option for fishers. In contrast, the reality is that the island’s fishing communities live in harsh and demanding conditions. In the Sundarbans, the villages are in remote areas, with minimal access to education and health facilities. The accessibility of the island from the mainland, including the market spots, is only possible through waterways by mechanized or non-motorized boats. The remoteness and transportation constraints in most villages are two factors for the region’s poor development.

Primary data collection for the present study was undertaken in two parts. In the first round, a household survey was conducted using a household questionnaire through snowball sampling (i.e., the process by which previous participants identify new participants) covering 45 households. In the second round, 45 fishers/dried fishers (25 males and 20 females) were identified among the households covered in the first round and were interviewed following a semi-structured interview schedule. Further, focus group discussions (n = 2 with a total of 33 participants) were carried out in the study area itself. We followed three-point criteria in shortlisting the participants. For the present study, the respondent must (1) be a legal resident of Sagar Island; (2) practice fishing in the sea, creeks, and estuarine rivers with wooden boats (non-motorized boats and 2-, 4-, and 6- cylinder boats) or homemade Styrofoam floating boards; and (3) be a dried fish producer.

During the surveys, each value was converted into a descriptive statement (Table 1), and then it was put forward for the respondent. The descriptive statements, which reveal what values mean among fishing communities, were derived from explanations of each value provided by Song et al. (2013), Song and Chuenpagdee (2015), and our interpretations based on initial interactions with Sagar Island fishing communities. The questions were translated from English to Indian Bengali language in consultation with a village group and delivered verbally to the participants. Further, to minimize the possibility of meaning getting lost in the translation, a research assistant for the data collection process was selected from the local area commanding language proficiency in both English and Bengali. The primary data was supported by an extensive literature review to define the conceptual and methodological approach. The literature review helped us to (1) extract existing data relevant to case study context (e.g., location, policy, and demographics), theoretical context, and research questions (e.g., values and beliefs, wellbeing, and social-ecological drivers), (2) increase familiarity with the historical background and prevailing culture of the research case, and (3) deductively develop a preliminary framework and context-specific interview and survey questions.

Table 2 demonstrates the socio-economic profile of the respondents. It is good to note that owning a boat on the island does not mean that the owner necessarily is running a fishing business. During the interviews, many participants stated that they alone could not afford the cost of one particular fishing voyage; therefore, they share their boats among family members to offset the cost. Further, fishing is primarily a combined effort, with two to three fishers working together (CARICOM, 2000). In the case of boats with four or less than four-cylinder capacity, the boat captain (i.e., the owner) takes a 50% share from the profit, and the remaining share is divided among the rest of the members. But in the case of 6-cylinder boats, the boat captain takes 60% of the share. During data collection, it was noticed that small-scale fisher households in Sagar Island are also dried fish producers. Also, male members are mainly involved with fishing, and female members are mainly involved with dried fish production (fish drying and processing). In addition, there are different choices male and female fishing members pursue regarding their livelihood and socialization. Therefore, both male and female groups were sampled within each village to gain a breadth of these differences in relation to their values and beliefs. In this research, the semi-structured interview data first underwent a thematic analysis using qualitative coding with the help of NVivo qualitative data analysis computer software. The questionnaire results were quantitatively analyzed using a Microsoft Excel spreadsheet. Inferential statistics (taking data from samples and making generalizations about a population) were attained regarding ranking the most (and least) esteemed thematic values among each male (n = 25) and female (n = 20) fishing community group. The results were coded as 1, 2, and 3 according to the rank they received (i.e., 1 implies “not important”, 2 implies “somewhat important”, and 3 implies “very important”). For instance, it was coded as one if a respondent said that the “honesty” value was not important in terms of its contribution to Sagar Island’s SSF and DF production. Then, the mean values of these codes were acquired by adding all the values together and dividing the result by the number of respondents. The mean values were used to create figures representing the importance hierarchy among the male and female members. These actions have been taken to better compare the value types and emphasize their level of importance. It is also good to note that we have used a grounded approach in this research and presented some noteworthy quotes from the community members to explain their perspective on values and beliefs and also to back up the research findings.


TABLE 2. Socio-economic profile of the respondents (n = 45).

[image: Table showing characteristics of small-scale fishers on Sagar Island. It includes age, education level, and boat ownership type for males and females. Males primarily own one motorized boat (76%), while no females are recorded. Boat types include non-motorized, motorized, and Styrofoam boards. Net types used are gillnet, fixed bagnet, drag shore seine, shore stake nets, and throw net. Data is from semi-structured interviews and focus group discussions.]


THE DIVERSE SMALL-SCALE FISHERIES AND DRIED FISH PRODUCTION-RELATED VALUES AND BELIEFS IN SAGAR ISLAND


“Better World” Value Category

“Better World” value category includes values that are desired for the world/broader society (i.e., universal nature) (Song et al., 2013). They strive to achieve the wellbeing of all people and nature by promoting the principles of conservation, peace, equality, freedom, and knowledge (see Table 1 above). Schwartz (1970) highlights values that support ecosystem conservation, help advocate for equality, and deepen knowledge. These values do not develop in society until people become aware of the scarcity of natural resources and encounter others outside the extended primary group (Schwartz, 2012). Such realization makes them understand that failure to respect these values will lead to chaos and conflicts. Besides, they may realize that failure to protect and conserve the natural environment will lead to the destruction of the resources on which their lives depend (Schwartz, 2012). The values of freedom and knowledge offer the opportunity to ensure that the right people make the right decisions using the right knowledge. The hierarchy of “better world” value types as per their level of importance among the fishing community of Sagar Island is represented in Figure 1.


[image: Scatterplot showing the importance levels of 'Better world' values by gender. Categories include ecosystem conservation, peacefulness, equality, freedom, and ecological knowledge. Green circles represent male members, orange circles female members, and overlapping circles indicate both.]

FIGURE 1. Importance hierarchy of “better world” value types in the small-scale fishery and dried fish production of Sagar Island based on the male and female fishers and dried fish producers who judged each value (note that 1 implies “not important”, 2 implies “somewhat important”, and 3 implies “very important”). Data are from household surveys answered by fishers and dried fish producers of Sagar Island.


Male members of the fishing community, who are involved mainly with small-scale fishing rather than dried fish production, ranked “ecosystem conservation” and “peacefulness” as the most important values in the “better world” value category. The strong connections between the ecosystem and community livelihood became visible during the past 5–10 years due to the experience of adverse changes in the ecosystem and the decline in fishers’ income. This tendency of putting more importance on the “ecosystem conversation” is a direct outcome of realization among male fishers that the sustainability of their livelihood (fishing) is solely attached to the ecological balancing of Sagar Island and its natural resources. As two of the fishers acknowledged through statements such as “Unlike my wife, I am in direct contact with the water” and “I speak about the changes in seasonal catch with fellow fishers constantly” that their close contact with their environment and fellow fishers made them aware about the “ecosystem conservation.” It should be noted that most male fishers referred to ecosystem changes as a reason for the decline in their annual income and livelihood situation. Thus, neglect of the conservation values has taken a toll on the economic and livelihood conditions of the fishing community.

Both male and female fishers believed that they were suffering from the lack of sufficient income throughout the year and could not afford conflict among each other. Many of them added that if they lose “peacefulness” in the village, their mental health and livelihood security would be in danger as they will not be able to support each other emotionally or financially during tough times. Historically, Sagar Island communities are known for a rich tradition of community support in times of crisis. They include the ability to lend and borrow money, support in ensuring food security, mutual protection and security such as being rescued while encountering an accident during fishing trips, being there for each other through community-level interactions and socialization, and psychological support while dealing with distress. Each member’s efforts toward maintaining peaceful coexistence have a significant contribution to the value of “equality”. That is why both male and female fishers highly rank the value of “equality” which has its roots in the fisheries being traditionally managed as a commons. A male fisher with 24 years of fishing experience said:

	One thing I love about this village is that we all try our best to maintain peace in it. We are mixed! From different places and different religions. But we keep this strong bond of friendship because we have only each other to support in harsh moments. I am aware that in other villages in the region and even in other places in India, people are fighting over their differences which is sad.

(Male, Fisher)

In comparison to the high importance given to ecosystem conservation and peacefulness, fishers accorded low importance to the “freedom” value, i.e., freedom to engage in fishing activities. There are concerns regarding multiple restrictions imposed on fishing activities (by the government) due to which 54% of the male members (n = 25) expressed that there should be clearly demarcated rules and regulations to guide when and where to fish; otherwise, the current confusing situation could push them into conflicts with each other. In their view, the current regulations should be updated to match the recent ecosystem changes in the region because they can no longer catch sufficient fish within their fishing territories. Regulating the incessant operation of fishing trawlers, delivering allowance during the fishing ban period, and access to diverse livelihood options were the most mentioned demands (from the fishing community to the government). Fishers further believed that their preferences should be given priority when it comes to where and when to fish, mainly because of their minor impacts on the ecosystem compared to fishing trawlers.

There were diverse views on the importance of “ecological knowledge” as a value. Male fishers illustrated medium importance to “ecological knowledge”. Those members who put low importance on the value of “ecological knowledge” attributed their reason to their poor economic conditions such as this:

	There will not be much of a difference if one knows everything about ecology since the knowledge will not change the desire of human beings to survive. Even if we harm the ecosystem by catching infant fishes, we are bound to catch them for our survival. Besides, it is fishing trawlers that are harming ecosystem the most, and the government is equally guilty for not banning them. Our business will disappear in the near future if they [fishing trawlers] continue like this. Knowledge seems to have no value here.

(Male, Seasonal fisher)

Female members are active mainly in fish processing (Figure 2) and catching shrimps and small fishes in the riverside. Therefore, their responses showed little emphasis on “ecosystem conservation” and “ecological knowledge” values simply due to lack of knowledge about and direct involvement in topics related to the fisheries ecosystem. Regarding women’s knowledge of the fisheries ecosystem, weak inter-gender (between males and females) interactions among community members and family members were observed during the field visits. It was found that women’s lack of knowledge about the fisheries ecosystem is connected to social deprivation and taboos rather than their “lack of interest”. A leader of the Women Self-help Group and a local secretary of the Fishermen Association describe their point of view in the following statements:


[image: Women are spreading drying fish on large blue nets under the sun. In the background, there is a thatched-roof structure surrounded by trees and bamboo fencing, creating a rural setting.]

FIGURE 2. Female members are participating in dried fish processing. They use the broom on a special net for flipping fish (Photo credit: Abdar Mallik).


	Involvement in dried fish production has led women to be aware of many issues in society. One of the main improvements in this society is when almost all these women encourage their daughters to get a proper education. Securing enough funds to support kids’ education has become one of the main reasons for these women to get involved in fishing. Despite all of these, most women prefer to have minimum contact with outsiders due to social deprivation.

(Female, Leader of Self-help Group)

	The average rate of education among women is very low in this locality. Women are very shy to go out and interact with people coming from outside the village or from a foreign country. For example, when an American couple visited the place last year and tried to call women for a meeting to offer some help, no women came to attend it. Lack of interaction is the main reason behind their lack of awareness. These women do not know the current status of their business and the factors behind the recent changes.

(Male, Local Secretary of Fishermen Association and active fisher and dried fish producer)

“Freedom” is a strongly desirable value among 94% of the female respondents (n = 20). They stressed the importance of both “freedom” and “equality” by referring to the insufficient amount of fish they get for processing due to decreasing catch these days. They have identified “equitable fishing among fellow fishers” and “freedom in deciding when and where to fish” as solutions to this problem. When it comes to the “ecosystem conservation” value among female members, only a few of them were able to explain the recent ecosystem changes and the necessity of having a healthy marine ecological system. Thus, there seems to be a disconnect between the actors and the activities of fishing and fish processing, which is significantly gender-based. Some female members were educated and had jobs other than dried fish production, like teaching in public school, heading a local self-help group, or representing women in the Fishermen Association. The rest mentioned that whatever information they have about the recent ecosystem changes is from their husbands or sons who go fishing regularly.

The common beliefs linked to the “better world” value category among male and female members of SSF/DF production in Sagar Island have been listed in Table 3. It shows that most female members lacked awareness regarding the environment and the possible damages caused by intensive fishing or non-compliance with the fisheries rules. This lack of awareness among the female members and their status in the fisheries sector is inherently linked to the predominantly patriarchal and patrilineal system in the society of Sundarbans that causes the low average rate of literacy and high level of social deprivation among female members.


TABLE 3. Common beliefs related to the “better world” value category among male and female members of SSF and DF production in Sagar Island.

[image: A data table titled "Common beliefs linked to the values in SSF and DF production" categorizes values under "Ecosystem conservation," "Peacefulness," "Equality," "Freedom," and "Knowledge" with beliefs from male and female perspectives. Each category lists specific concerns such as the impact of fishing trawlers, economic and educational needs, and social equality. The table highlights gender differences in perceptions related to fishing communities' challenges. Notes indicate data sourced from interviews and surveys by small-scale fishers and producers of Sagar Island.]


“Good Life” Value Category

The values under the “good life” category emphasize the attainment or preservation of a dominant position over people and resources within a social system, together with pleasure or sensuous gratification for oneself (Schwartz, 2012; Song et al., 2013). Schwartz (2012) states that although pursuing power and achievement values such as “wealth” may harm or exploit others and damage social relations, they help motivate individuals to work for group interests. Other researchers acknowledge that “what a person values materially and the way he/she perceives the question of “how he/she is doing” depends on his/her relationships with others and the ideas that frame this social bonding” (White and Ellison, 2007; Deneulin and McGregor, 2010; Coulthard et al., 2011). In addition, pursuing values that are derived from pleasure and satisfaction (e.g., spiritual wellbeing) does not necessarily threaten positive social relations, unlike in power values (e.g., wealth) (Schwartz, 2012). The importance hierarchy of “good life” value types among the fishing community of Sagar Island as per their level of importance is represented in Figure 3.


[image: Graph depicting the level of importance of 'Good Life' value categories with markers for male, female, and both members. Categories include wealth, spiritual wellbeing, secure livelihoods, hedonism, and novelty on the X-axis, and levels of importance on the Y-axis. Male members are marked with green circles, female with orange, and both with overlapping markers.]

FIGURE 3. Importance hierarchy of “good life” value types in the small-scale fishery and dried fish production of Sagar Island based on the male and female fishers and dried fish producers (note that 1 implies “not important”, 2 implies “somewhat important”, and 3 implies “very important”). Data are from household surveys answered by fishers and dried fish producers of Sagar Island.


In the “good life” value category, “wealth,” and “secure livelihoods” were accorded the highest importance by both male and female members of the fishing community in Sagar Island. Such preference can be gauged by respondents’ statements such as “without having it, you cannot even think about other things in life” and “more than being the most important thing for fishers, it is better to say that it is the most fundamental value for everyone on earth to survive”. Also, male members stressed on the vital connection of these values to their livelihoods; an example includes:

	The current situation has made us more financially and socially deprived than before. Most of us are in debt to local moneylenders. We need to show that we are active in the business (fishing) in the hope of paying off our debts. That is why I have not sold my boat, and I cannot even think of moving somewhere else.

(Male, Former fishing business owner and a monthly hired fisher at present)

During the field visit, it was found that the current economic situation of fishery households was determined primarily by the amount of debt they owe to local moneylender (Aratdaar) and their ability to pay it off. Likewise, the debt and its associated contract acted as undesirable glue holding the fishers/dried fish producers attached to the profession and the place. Life satisfaction of individuals is also dependent on different factors such as where do they stand in comparison to their past situations and; in comparison to the people around them. As is visible from the below-mentioned two separate statements, one from a former fishing business owner and the other from a daily wage laborer:

	Since I lost my business and boat because of my debt, I started working as a daily wage laborer. My family’s health has deteriorated considerably after I joined the current job. My wife started to consume medicines to improve her mental health. Without these medicines, she is unable to do daily chores and take care of our children.

(Male, Former fishing business owner and a monthly hired fisher at present)

	I am grateful to have fishing as my livelihood. It has been a reliable source of income for many years. I have been able to feed my children and support their education thanks to it.

(Male, daily wage laborer)

These two diametrically opposite perspectives of the same situation suggest that all the activities, relations, and emotions prevalent within the community are controlled directly or indirectly by the sudden changes in the economic situation of the households. For example, lack of life satisfaction and deterioration of mental health was noticed much more among those who had lost their family business and recently became daily wage laborers than those who have been daily wage laborers right from the beginning. It implies that the adaptation to a sudden financial setback is harder for the households that are used to having a good economic status.

When it comes to “spiritual wellbeing”, religion holds a special place in the lives of male fishers of Sagar Island. Every activity in the community, starting from buying new boats, going to sea in the morning, or opening of the fishing season, is preceded by a religious ritual, either individually or in the group. These practices provide a sense of shared risks and an acknowledgment of divine powers for fishers and their families. Among Hindus, who form the majority in Sagar Island (Census of India, 2011), protection, prosperity, and success are expected in a reciprocal relationship with the deities based on offerings and prayers. A sense of fear or subservience to these divine powers can also be observed. During the interviews, male members stated that following traditional beliefs and rituals is part of their routine activities; hence its importance is unquestionable, but they cannot perceive it as the most important value. A fisher explained:

	Before the beginning of every fishing season, we repair the boats and re-color them. We start this process about 10 days before the beginning of the season. After boats get repaired and put in the canals, we do Ganga puja on them. We also perform a separate puja at the start of each voyage. Other than that, the Fishermen Association organizes a big Ganga puja every year where all the fishers and their families take part together. The whole celebration goes on for 5–6 days when they arrange numerous cultural programs and social activities apart from the main puja.

(Male, Fishing business owner)

From the field interactions, it has been observed that among the fishers, who had to go against their religious norms to embrace a lifestyle more in accordance with their economic activities, this process of prioritizing profession over faith creates psychological obstruction – e.g., feeling guilty, stress, anxiety, and depression. This pattern can be aligned with Schwartz’s (1970) value theory: actions in pursuit of values have practical, psychological, and social consequences. One male fisher explained his mental state by referring to his religious belief below. In this example, we can see practically that choosing an action that promotes one value (e.g., vigorously pursuing wealth) may contravene or violate a competing value (e.g., sacrificing religion). Hence, the person who faces the choice may sense that such actions are psychologically dissonant.

	I am Hindu and follow Vaishnavism [A Hindu denomination in which killing any living things, mostly animals, is forbidden, and the followers are normally vegetarian]. I have been in this business for 50 years now, but I am still facing psychological guilt for catching fish (thereby killing them) every time I go to the water because of my religion.

(Male, Fisher, and farmer)

When asked about the importance of “spiritual wellbeing” among females, 74% of them (n = 20) associated the reduction in fish or the rise in accidental deaths while fishing with religious beliefs. They believed that a fisherman killing a mermaid in one of the neighboring states made deities furious and led to the catch’s decline. This is a key finding to understand how people rationalize the events for which they have no logical explanation. Further, seeking refuge and blessing for life’s protection and economic prosperity by wearing Maduli or Tabeez (objects which are believed to have magic powers for protection or bringing luck) was practiced mostly among the women whose husbands were working in the sea. Such tendency among female members can be a reflection of perceiving deities as manifestations of power – to protect, destroy, or prohibit – rather than of sacredness only for the sake of spiritual elevation. Overall, female fishers gave higher importance to “spiritual wellbeing” than males. A female fisher illustrated her high rank to the “spiritual wellbeing” value through her statement:

	I am very concerned about the health of my husband and my son. I do puja [a Hindu manner of ritual offering] every day, and I wear Maduli to keep them safe from danger. I believe that killing a mermaid in the neighboring state brought many adversities to the lives of the fishing community. This season we are experiencing a much greater number of accidents and a lesser number of fish.

(Female, Dried fish producer)

When asked about “hedonism”, male members declared the relatively high importance of “hedonism” value in fishery livelihood, but only 45% of them (n = 25) felt complete enjoyment and pleasure toward fishing. The respondents gave explanations for their feelings by phrases such as “addiction of fishing”, “socializing with others”, “very laborious job”, “causing severe health problems”, “hatred toward the water”, and “feeling compulsion toward continuing it”. The reasons behind enjoyment among fishers were briefed in Box 1 (the sequence does not reflect priority). On the other side, female members perceive “hedonism” value as an almost unimportant value in the fishery. Almost all of them indicated that they could not comment on “hedonism” value as they have been active in DF production out of compulsion. Although they could not answer how “hedonism” value would (not-) matter in their career, they related some of their illnesses to fish processing activities.

Box 1. Reasons for holding enjoyment and pleasure feelings in fishing; stated by the fishing community.
(1) Having an addiction to fishing and going into the sea.
(2) The possibility of securing a bounty catch in one of the voyages to gain a sudden profit.
(3) Getting to know new people with similar hobbies and concerns.
(4) Holding a job that feeds the family and enables kids to continue their education.
(5) Working with other family members in the same job.
(6) Working independently in the job without having an employer.

The “Novelty” value garnered little importance among male and female members.

Although male members mentioned a few alternative methods for fishing, like using Styrofoam board (shol) (Figure 4), both male and female fishers stated that there is no scope for novelty and innovative thinking in the fishery. The common beliefs of the “good life” value category among male and female members of SSF/DF production in Sagar Island have been listed in Table 4. The informants’ responses show that values and beliefs related to “spiritual wellbeing”, “hedonism”, and “self-esteem” hold different levels of importance for male and female fishing members.


[image: Two people stand beside a cart on a reflective beach during a vibrant orange sunset. The sky is filled with clouds, and the horizon is visible in the distance.]

FIGURE 4. Using Styrofoam board (Shol) for fishing. A small motor is attached to the bottom part of the board for riding it by overcoming the waves coming toward the shore. A long rope holds the board from the shore and prevents it from getting lost inside the water (Photo credit: Sevil Berenji).



TABLE 4. Common beliefs related to the “good life” value category among male and female members of SSF and DF production in Sagar Island.

[image: A table compares male and female beliefs linked to the values in SSF (Small-Scale Fisheries) and DF (Dried Fish) production. It is divided into three categories: Wealth, Spiritual Wellbeing, and Secure Livelihoods, with additional insights on Hedonism. Each category lists specific beliefs and concerns, such as economic challenges, spiritual practices, and coping mechanisms. The male column highlights issues like economic uncertainty and family reliance on fishing, while the female column focuses on challenges like increased competition and limited income from dry fishing. The table reflects differing gender perspectives on fishing-related livelihoods and spiritual beliefs.]
[image: Table discussing novelty in the fishing industry. It includes points on limited creativity, family members working separately on fishing boats, engaging in alternate businesses, maximizing fish catch with mosquito nets, using concrete embankments for drying fish, and employing Styrofoam boards. Women in social services are noted for creativity in education and health. Data sourced from interviews and surveys with small-scale fishers and related groups.]


“Personal Virtues” Value Category

The “Personal virtues” value category comprises values derived from preserving and enhancing the welfare of those with whom one is in frequent personal contact, within the family and other primary groups (Schwartz, 2012; Song et al., 2013). According to Schwartz (2012), the high importance of values related to “personal virtues” derives from the centrality of positive and cooperative social relations in the family where the initial and continuing value acquisition of an individual takes place. Values in this category promote the desired righteousness of a person by striving for benevolence, moderation, honesty, or self-esteem. Both the “better world” and “personal virtues” value categories have the tendency of paying attention to the welfare of others, but the “personal virtues” category concerns the welfare of the “in-group” whereas the “better world” category concerns the welfare of all – even outside the primary group. The hierarchy of “personal virtues” value types among the fishing community of Sagar Island as per their level of importance is represented in Figure 5.


[image: A scatter plot illustrates the importance of personal virtues. The y-axis represents the level of importance from one to three, and the x-axis lists virtues: Benevolence, Moderation, Honesty, and Self-esteem. Green circles denote male responses, orange denote female, and circles with both colors represent both. Benevolence and Honesty are rated highest by both. Moderation and Self-esteem have mixed ratings.]

FIGURE 5. Importance hierarchy of “personal virtues” value types in the small-scale fishery and dried fish production of Sagar Island based on the male and female fishers and dried fish producers who judged each value (note that 1 implies “not important”, 2 implies “somewhat important”, and 3 implies “very important”). Data are from household surveys answered by fishers and dried fish producers of Sagar Island.


In the “personal virtues” value category, “benevolence” value is perceived as an incredibly important value among male and female fishers. During the interviews, male members explained the events related to rescuing the lives of fellow fishers or helping each other financially. Female members also acknowledged the culture of emotional and financial support among the community members. Speaking about “moderation” and “honesty” values, male members declared relatively high importance to them in fisheries while recalling the damages caused through incessant fishing by trawlers and unregulated fishing by small-scale fishers (e.g., using mosquito nets for fishing).

Unlike male members, the female respondents have indicated lower importance to “moderation” and “honesty” values. They believed that they are getting a moderate amount of catch most of the time because of less availability of fish in the sea; therefore, there is no use in taking “moderation” value as an important value because that is the new normal. When it comes to integrity in the fisheries governing system (“honesty” value), most of the female fishers were not fully aware of the fishery rules and regulations (e.g., fishing ban period, prohibition of using concrete embankments known as “chatals” among locals for fish drying, banning of trawlers) in the region to make anything out of the “honesty” value. They stated that their employers had merely informed them or family members that the government bans them from performing fish processing on concrete embankments along the shore as the chemicals used by them in fish processing cause deterioration to the embankments.

When it comes to the “self-esteem” value, male fishers confirmed that it has relatively high importance in fisheries through statements similar to those in “hedonism” value (e.g., proud of providing food and education for family members). Some fishermen believed that to survive in such a harsh profession, one should derive strength from the positive aspects and feel proud. These findings suggest that this pride aspect of fisheries leads to male members feeling like an entrepreneur working independently without having to serve under an employer and acts as a motivator against the harsh nature of fishing. On the other side, female respondents mentioned that they are grateful for finding an added source of income by working in DF production, as they can contribute to the family’s economy and be able to socialize with outsiders. But they do not put high importance on holding “self-esteem” value through their job because they do not share the proud feeling (unlike their men) due to the “necessity aspect” of their job. Furthermore, they stated that their social status is enhanced compared to their previous generations, but they still feel socially deprived because of not getting proper education during their childhood. These results show that despite enhancement in women’s social status in the community because of their involvement in DF production, the impact of social deprivation is long-lasting, which is enough not to let women perceive the profession as a source of self-esteem or hedonism value. Common beliefs of the “personal virtues” value category among male and female members of SSF and DF production in Sagar Island are shown in Table 5.


TABLE 5. Common beliefs related to the “personal virtues” value category among male and female members of SSF and DF production in Sagar Island.

[image: Table displaying common beliefs linked to values in small-scale fishing (SSF) and dried fish (DF) production for males and females. Categories include Benevolence, Moderation, Honesty, and Self-esteem. Each category lists beliefs separately for males and females, highlighting social dynamics, financial challenges, and personal sentiments related to fishing practices. Footnote states data sources include semi-structured interviews, focus group discussions, and surveys by small-scale fishers, dried fish producers, and Fishermen Association members.]


“Outward Aspirations” Value Category

The values in the “outward aspirations” category signify the desired relationship with outer beings that guide interactions with fellow humans or objects outside of self (Song et al., 2013). They are derived from restraining actions and inclinations that might disrupt and undermine group functioning by violating social expectations and traditions (Schwartz, 2012). Groups everywhere develop some practices, symbols, ideas, and beliefs representing shared experience and fate. These traditions symbolize the group’s solidarity, express its uniqueness, and contribute to its survival (Parsons, 1951; Durkheim, 1954). During field visits, it has been found that the unavailability of alternate livelihood and the debt trap are two of the most dominant factors in keeping the individuals continue with fishing and stay attached to the place. Moreover, these adversities have motivated the communities to put off their religious and caste differences and maintain high social cohesion and unity. The hierarchy of “outward aspirations” value types among the fishing community of Sagar Island as per their level of importance is represented in Figure 6.


[image: Scatter plot comparing levels of importance of various outward aspirations, such as attachment to place, social cohesion, influence, social recognition, tradition, and conformity. Data points differentiate male members (green circles), female members (orange circles), and both genders (combined colors). Each category is rated from one to three.]

FIGURE 6. Importance hierarchy of “outward aspirations” value types in the small-scale fishery and dried fish production of Sagar Island based on the male and female fishers and dried fish producers who judged each value (note that 1 implies “not important”, 2 implies “somewhat important”, and 3 implies “very important”). Data are from household surveys answered by fishers and dried fish producers of Sagar Island.


“Attachment to place”, “social cohesion” and “social recognition” values were judged to be the highest in terms of importance among both male and female fishers. The top status of these values can be exemplified by respondents’ explanations such as “this is the main factor of fisheries’ survival in this place” and “this is the most desired thing for all of us”. The study reveals that the fishery of the island has been a “character of the community” and that all other practices, ideas, identities, values, and beliefs take shape based on it. Brookfield et al. (2005) conclude, “fishing is the glue that holds the community together” and “the community understands and makes sense of the world from a perspective that is garnered from years of involvement with the fishing industry” (p. 56). Therefore, it is no surprise that the fishers on the island see the fishery as an inseparable part of their lives and demand greater public recognition for fishing activities. The importance hierarchy shows the “attachment to place” value as one of the most important values contributing to the fishery of the island. Jacob et al. (2001) suggest that strong attachment toward fishing supports the sense of belongingness in a region. This is one reason why members perceive “social cohesion” as an extremely important value. The high importance of “social cohesion” is reflected through the community’s existing harmony among the followers of different faiths.

Throughout the Sundarbans history, Muslims have been respectful to Maa Ganga – a Hindu goddess (Figure 7: left), and, in the same way, Hindus have shown their acknowledgment toward Bonbibi’s Muslim parentage (Figure 7: right). The rich tradition of syncretism (the combination of different religions, cultures, or ideas) has a long history in many parts of India, and Bengal is no exception (Chacraverti, 2014). However, the fact that the Sundarbans’ syncretism has been successful in achieving the union among its residents is even more noteworthy. Through the interviews and discussions in the field, it has been found that the community’s economic challenges, uncertainties, and problems have carried them toward positives such as strong union and solidarity. A male fisher’s explanation regarding the importance of high social cohesion in the fishery is as follows:


[image: Two images of colorful Hindu deity statues displayed in a shrine. The left image features deities on a fish backdrop with offerings in front. The right image shows a deity seated on a tiger, adorned with garlands, against a vibrant landscape mural.]

FIGURE 7. The idols of Ganga Maa (goddess of Ganges) [left] and Bonbibi (goddess of the forest) [right] (Photo credit: Sevil Berenji).


	In this business [fishing], the most important traits are economic uncertainty and the need to work together. So, there is no scope for religious discrimination among co-workers from different faiths. We share the same issues as well as grievances during fishing. Considering that we do not get any significant help from the government, of course, we need to help each other.

(Male, Former fisher and dried fish producer at present)

There is a remarkable difference in how the male and female members perceive the prevalence of the “influence” value. Male members ranked “influence” as one of the most important values in the fishery by explaining the essentiality of leadership in fishery management. Most females did not perceive the high importance of “influence” value because most of them stated that a sense of leadership could not be an important part of their fishing activity as they are mostly assigned non-leadership roles (most of the female informants are daily wage laborers). “Laborers cannot be leaders” is a prevalent view among female fishers, which is also linked to the deep-rooted patriarchal system in the community. Male members believe that leadership and decision-making processes should be handled by them both in society and households as it ensures better management. These kinds of gendered notions (e.g., excluding women from meaningful participation) are the outcome of the prevailing patriarchal and patrilineal structures, institutions, and practices in Sundarbans. Most of the activities concerning the overall community are controlled by men, including the ownership rights of the property. This mechanism makes the women feel they are “lesser members of the society”, submerging their social leadership potential in the process and giving rise to inconsistent values among male and female members.

It was observed that being a business owner or a crew member does not change the perception of male fishers regarding the importance of “influence” value. Crew members acknowledged how having a skillful boat leader can positively affect their income as they are paid according to the amount of catch rather than daily or monthly wages. One fishing business owner explained:

	Although I consult with my wife and elder son in decision-making, I am the one who makes the final call. Males manage this business mostly, and women like my wife and daughter-in-law help during the processing phase. Their help provides extra safeguard to the family’s financial situation as the money required for hiring extra labor gets saved.

(Male, Fishing, and DF production business owner)

The constant dangers to assets and lives mainly due to sudden changes in weather conditions and rampant industrial fishing in the area have changed people’s beliefs regarding the future of fisheries and the relevance of transferring their fishing skills on to the next generation. Male fishers stated that the number of fishers had increased recently; therefore, the fishery in the region is suffering from the problem of having a higher number of fishers and a reduced pool of catch. As a result, male fishers do not give high importance to the “tradition” value because of an uncertain future for younger generations when it comes to the fishery. This could imply that the tradition of transferring the family business from one generation to the next is losing centrality that may have existed sometime in the past within the fishing community. Among male respondents (n = 25), 60 per cent do not want their kids to continue the fishing business mainly because of high life risk and economic uncertainties. Only 23 per cent of them, mostly family business owners, wanted their next generation to continue fishing. The rest, 17 per cent, declared that they are open to whatever their kids prefer. On the other hand, “tradition” was strongly desirable for female members. They stated that involvement in DF production has made them socialize more within society and has further enhanced their chances of getting a proper education. It shows that DF production on the island has indeed broken up some patriarchal traditions in society. Female members illustrated their high rank to the “tradition” value by stating that many young women are taking an interest in the tradition of post-harvest fishing activities through statements such as:

	Our social status has improved a lot compared to the generation of our mothers and grandmothers. Earlier, there was no chance of getting an education for women, and they used to sit at the corner of the house throughout the year. But now, we can go outside and participate in dried fish production. This also gives us an opportunity for social interaction with the outside world. Therefore, young women develop enough interest and courage to join this profession.

(Female, Dried fish producer)

Table 6 exposes the common beliefs around the ‘outward aspirations’ value category among male and female members of SSF and DF production in Sagar Island.


TABLE 6. Common beliefs related to the “outward aspirations” value category among male and female members of SSF and DF production in Sagar Island.

[image: A table comparing common beliefs linked to values in SSF (Small-Scale Fisheries) and DF (Deep-Sea Fishing) production for males and females across four categories: Attachment to place, Social cohesion, Influence, and Social recognition. Males emphasize strong ties to the motherland, inherited professions, and community support. Females highlight the importance of community relationships, challenges due to physical job demands, and roles in traditional rituals. Social recognition for males focuses on isolation and historical issues, while females face challenges in interactive opportunities. Tradition for males involves education barriers and job inheritance, whereas females note health risks and education difficulties.]
[image: Text discussing conformity issues in the fisheries sector. Key points include reviewing regulations, controlling fishing trawlers, addressing delays in government aid, and improving off-season allowances. Concerns about infrastructure shortages and restrictive bans on drying fish on concrete embankments are highlighted. The data stems from interviews, discussions, and surveys involving small-scale fishers and producers from Sagar Island's Fishermen Association.]



KEY INSIGHTS, POLICY RECOMMENDATIONS, AND POSSIBLE FUTURE DIRECTIONS

Drawing on qualitative data, we examined the nature of values and beliefs associated with the Sundarbans’ Sagar Island fisher communities. We documented contributions of values and beliefs to the social and ecological aspects of small-scale fishery and dried fish production systems. Our study confirmed that Sundarbans’ fishery system is strongly anchored in the values and beliefs of the local fishing communities, even though there are differences at times in how they are perceived and practiced across social, economic, and gender groups. This finding significantly contributes to the limited empirical information available on how values and beliefs strongly influence local fisher communities and their fishing practices in the India Sundarbans. We used Song et al. (2013) framework on twenty thematic value types in fisheries and four broader categories according to desired virtues of the society and inner self. Data collected from fishers and dried fish producers in the Sagar Island helped generate a comprehensive understanding of their values and beliefs in four areas: (1) “better world” which implies values that are desired for the broader society of the fishers and dried fish producers; (2) “good life” that includes values contributing to the satisfaction and fulfillment in individual life, and supports their state of being; (3) “personal virtues” that facilitate desired virtuous inner qualities of a person to contribute to the fishing society and fisheries; and (4) “outward aspirations” that includes values necessary for maintaining a relationship with humans or objects outside of self. Together, these categories of values provide a nuanced understanding of small-scale fisheries and dried fish production systems. Based on our findings and with support from value theory, we provide several insights, policy recommendations, and possible future research directions on values and beliefs in SSF and DF production systems similar to the Sundarbans (Sagar Island).

Small-scale fisheries and DF production-related values and beliefs are materially, relationally, and subjectively oriented. These three aspects are reflected through the four value categories outlined by Song et al. (2013) and Song and Chuenpagdee (2015). They are also strongly connected with the concept of wellbeing, defined as “a state of being with others, where human needs are met, where one can act meaningfully to pursue one’s goals and where one enjoys a satisfactory quality of life” (Gough and McGregor, 2007, p. 1). They discuss three dimensions of wellbeing: the material, relational, and subjective aspects of human life, and experiences from the Sagar Island confirm that values and beliefs are integrally linked to these wellbeing dimensions. The material dimension involves the question of how fishers’ tangible and physical needs, expectations, circumstances shape values and beliefs. The relational dimension addresses the role of relationships and interactions fishers depend on to derive values and beliefs. The subjective dimension of values and beliefs explains fishers’ feelings and gives meaning to their personal and inner meanings in how they perceive and make sense of life. Thus, these three dimensions shaped the nature of values and the level of wellbeing and the interconnections between the two within the SSF and DF production context of the Sundarbans. Values and beliefs help fishers think of the material, relational, and subjective limits that are useful to pursue their “state of being” and “quality of life” (Coulthard et al., 2011; Fischer et al., 2015; Nayak and Berkes, 2019).

Values and beliefs are influenced and shaped by social-ecological realities. They are as much socially driven as they are ecologically influenced. Sagar Island fishers reported that they drew their values from both social and ecological sources. The use of a social-ecological systems (SES) perspective is quite effective in linking the social and ecological components that work together to facilitate SSF and DF production-related values and beliefs. An SES perspective is understood as one that builds on the premise of a highly interconnected system of humans and the environment (Berkes, 2011). A social-ecological system is seen as coupled, interdependent, co-evolutionary (Turner et al., 2003; Glaser, 2006; Kotchena and Young, 2007), multi-level and nested, both vertically and horizontally, and includes the human (social) and the biophysical (ecological) subsystems (Berkes et al., 1998; Berkes, 2011). These subsystems have multiple components ranging from the cultural, economic, and political aspects within the social domain and the geochemical, physical, biological, and hydrological features within the ecological domain, which are integrally linked in a continuous process of complex interactions, and they influence each other (Nayak, 2014). The churning that takes place in this entire process tends to facilitate the formation and continuation of values and beliefs. Further, the material, relational and subjective dimensions of values and beliefs, as discussed above, are deeply rooted in both social and ecological realities: (1) Material dimension is linked to income, livelihoods, asset, shelter, food, and other physical resources; (2) Relational dimension includes social relations, family, dignity, social obligations, institutions, rules and norms that guide relationships; and (3) Subjective dimension relies on security, peace, freedom of choice and action, knowledge, sense of control and power, identity and norms (Narayan et al., 2000; Dasgupta, 2001; Millennium Ecosystem Assessment (MEA), 2005; White, 2010; Coulthard et al., 2015).

Values and beliefs are driven by power and politics. Power is often an invisible but dynamic force in how values within SSF emerge, are held, and practiced. Regarding values and beliefs, power exposes itself through social relations and institutional hierarchies, the positions held by actors within the society, and the language and narrative expressions used. The tremendous potential in connecting the discussions about values and beliefs to the narratives of power should not be underestimated (see Nayak et al., 2016). In this context, important questions to further examine include: (1) Who wins and who loses in the tussle for whose values and beliefs take precedence? (2) Are there premediated efforts to put in place certain kinds of values to guide SSF and DF production at the cost of others? (3) Whether it is possible that certain sections of the SSF society can make deliberate attempts to steer the discourse and practice of values for their selfish interests? These questions suggest that outcomes of values and beliefs are driven by power and political dynamics and can have disproportionate effects on existing social relationships and interactions. Consequently, a key reflection by fishers and dried fish producers on Sagar Island was about possible ways to accommodate diverse views, opinions, and perceptions of values.

It is important to point out here that the values and beliefs perceived and used in the context of SSF in Sundarbans are gender-differentiated in nature. In simple words, men and women in Sagar Island hold quite different views about their values and beliefs regarding SSF and DF production, and also of the factors influencing these perceptions. These differences are not often conflicting in nature but mainly result from their respective social, economic, and political positions in society and overall exposure to the social-ecological realities of SSF and DF production. For example, while male members were fully aware of the value of ecosystem conservation and its vital connection to their livelihoods, most female members were unsure about the recent changes in the ecosystem and the urgent need for its conservation. This difference in value perceptions involving resource and ecosystem conservation as a critical element of small-scale fisheries and dried fish production processes have been primarily attributed to physical proximity and day to day interactions of male members with the fisheries natural system and the opportunity to observe what is going on with the ecosystem and its impact on fish catch. In contrast, women in Sagar Island do not engage in fishing activities directly. Most of them have never actually come in direct contact with the place “where fish lives” (the ecosystem of fish). Factors such as low average rate of literacy, lack of socializing outside the household, and in some cases, weak relationship within the household, along with more historical and deep-rooted structures like the prevailing patriarchal and patrilineal social order, have also been attributed to differences in value perceptions and beliefs. Despite these differences in values and beliefs between male and female fishers, values pertaining to wealth, secure livelihood, attachment to place, social cohesion, and social recognition were recorded as most important to both.

Gender differences and gender relations discussed in the case study of this research are outcomes predominantly influenced by the existing patriarchal and patrilineal socio-cultural construct (structures, institutions, and practices) of Sundarbans. Men control fishing activities, set the societal rules, and own household property and assets. As a result, women’s position in the fishing society has remained weak and their roles subordinate to men, thereby restricting their leadership and decision-making potentials. Our study recorded that many women fishers in the Sundarbans experience social and economic deprivation, lack of control over income and assets, limited access to resources and opportunities, all of which contribute to the existing inconsistencies in the values and beliefs among male and female members of the society. However, there are also some exceptions that were noted in our study in Sagar Island where the predominant role and socio-economic engagements of women in dried fish production is not consistent with the deeprooted patriarchal traditions. Moreover, many fishermen also confirmed that they often consulted women in their households in making major decisions. These experiences in Sagar island of the Sundarbans align with findings of recent studies that emphasize women are more likely to become transformational leaders as compared to men (Eagly et al., 2003).

With regard to policy implications, several of our key findings provide further directions: (1) The increasing loss of life and economic opportunities experienced by Sagar Island’s small-scale fishers and dried fish producers has made community members realize the need for ecosystem conservation. This realization is prominent among those who are under the direct influence of the changes taking place and experience it first hand; (2) The differential awareness between male and female fishers about ecosystem conservation, its connection with their livelihoods, and the change processes impacting the fishery is linked to their levels of direct interaction with the fisheries ecosystem. For example, male fishers who go to the sea frequently were able to articulate the changes taking place and the need for conservation, whereas women were somewhat unsure about such changes; (3) Levels of knowledge and awareness among men and women regarding the environment, ecology, economy and society surrounding the fishery were also related to their levels of literacy, extent of socializing with others outside of their households, and in some cases, weak relationships within the households; (4) Most female fishers associated the reduction in the number of fish or the rise in accidental deaths to religious beliefs as a way to rationalize the events for which they lacked logical explanations due to no direct interaction with the fishing areas; (5) Most fishing and processing activities, relations, and emotions prevalent within the SSF community are controlled directly or indirectly by the changes in the economic situation of the households; (6) The prevalent economic uncertainties, challenges, and problems have led the community toward positive responses such as building strong unions and social solidarity; (7) A critical reflection by fishers and dried fish producers on Sagar Island was about possible creative ways to accommodate diverse views, opinions, and perceptions of values and ways to respond to their imposition and dominance; and (8) Prevailing patriarchal and patrilineal structure in the society of Sundarbans create inconsistent values among male and female members of the society.

Small-scale fisheries and dried fish production have long been a key sector in the Sundarbans and a prominent part of Sagar Island’s social-economy and ecological history. We can no longer ignore the mutual contributions between this sector and the values and beliefs as they tend to have shaped each other. The differences in values and beliefs of stakeholder groups and variations within the same group have been identified as a crucial impediment in resource conservation, planning, and implementation (Vennix, 1999; Wondolleck and Yaffee, 2000; Dietz et al., 2003). Values and beliefs are multidimensional and can be significantly context-specific. Our experience in Sagar Island confirms that they are inherently linked even though values are more long-term, philosophical, non-compromisable, non-negotiable, non-alterable, whereas beliefs can be comparatively short-term, practical, subject to negotiations and alterations. Within SSF and DF production, the former is often held at group and community levels, and the latter remains in practice at the levels of an individual, family, or small group. Thus, values and beliefs can range from being strictly personal to largely community-oriented. They act as mirrors that reflect the current as well as the future realities of SSF and DF production and provide important directions for the sustainability and viability of the entire social-ecological system that hosts this sector.
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Ocean research and conservation are still largely exclusive fields, with ongoing issues of racial, gender, class, and geographic underrepresentation. To improve accessibility and retention within these fields, we need to create equitable, just, and welcoming study and work environments. It is therefore crucial to listen to the voices of students and early career ocean professionals (ECOP). We conducted an online survey on the study- and workplace experiences of ECOP, focusing on social obstacles, such as economic strain, unpaid work, and workplace discrimination and abuse. Strong economic barriers to education access were evident in certain geographic areas. Almost half of the reported work time in the field was uncompensated, yet unpaid work rarely translated into career advancement and was often associated with workplace abuse. Dissatisfaction and burn-out rates at the earliest career stages were alarming, and experienced hardship and mental health issues were particularly dire for women and non-binary persons. While most respondents were white and from the global north, meaning the results may not reflect experiences of ECOP in other regions, this study highlights some of the barriers to equity as well as work ethics issues that should be urgently addressed within the field.
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Introduction

As the marine environment undergoes a drastic change, human rights and well-being are disproportionately challenged in already disadvantaged areas and communities (Österblum et al., 2020). Ensuring sustainable and fair access to ocean resources while conserving marine ecosystems for the future is both politically and environmentally complex, and must acknowledge the interests and perspectives of the oceans’ diverse users in an equitable and balanced way (Barbier et al., 2018; Bax et al., 2021). Yet, access to both marine resources and different roles in marine science and conservation are still unevenly distributed (Österblum et al., 2020), with severe racial, geographic, and gender biases (e.g., Thompson et al., 2011; Srinivasan, 2018; Giakoumi et al., 2021). To remove these barriers, equitable, just, and welcoming study and work environments are needed, which improve representation and increase the diversity of voices (Green et al., 2015; Bailey et al., 2020; Alexander et al., 2021; Worm et al., 2021).

Previously identified barriers in ocean sciences include demanding workloads, stress, and limited support in sustaining work-life balance (Andrews et al., 2020). Inequity, however, is systemic and inherent to the current economic and political systems in all parts of the globe. Academia and conservation are not free from racism, sexism, or classism (e.g., O’Connell and Holmes, 2015; Fournier et al., 2019; Dutt, 2020). Talk about inclusion is empty if it does not address these factors. While increasing attention is paid to the situation of early-career ocean professionals (ECOP) (e.g., Andrews et al., 2020; Brasier et al., 2020), solutions are often suggested by successful senior professionals, whose experiences do not necessarily reflect diversity or current circumstances1. With effective guidance, however, the scientific community can strengthen not only issues of conservation but also equity in future ocean scenarios through the improvement of various human dimensions (Visbeck, 2018; Alexander et al., 2021).

To create safe and accessible workplaces for new ocean professionals entering the field, we must understand the challenges they face rather than accept current assumptions and settings. Furthermore, advice from those already in senior roles can also fall short either because they are unaware of the persisting inequalities or due to different life experiences. To address this gap, we present the results of a survey looking at the personal experiences of a group of students and early career professionals in the field, with a particular focus on the economic strain, unpaid work, and stressful workplace issues (e.g., work safety, social exclusion, and physical abuse), which may be some of the most limiting factors at the first career stages. We hope that increased recognition of these reported obstacles will help to make ocean sciences more inclusive.



Methods


Survey

Between 1 April and 5 May 2020, we conducted an online survey (see Data Statement) on the experiences of marine scientists and conservationists in the first stages of their careers (i.e., undergraduate to postgraduate students and professionals with up to seven years of post-doctoral experience). The survey was developed at the University of Business and Administration in Gdynia, Poland, and was approved by its ethics committee. Since it is hard to estimate the total number of ECOP worldwide, the study was designed in an open format to reach as many people as possible instead of aiming at sampling a defined percentage of early-career professionals. The questionnaire was made available publicly and shared widely on professional mailing lists and through social media relating to marine science and conservation (e.g. MARMAM mailing list, Ocean Oculus newsletter, Twitter, and various professional Facebook groups). To identify potential social barriers to entry and retention in the field, this exploratory survey focused specifically on the financial investment in work and study, time spent on and gains from uncompensated work, received support, motivation, satisfaction, and experiences of exclusion, discrimination, and abuse (see Data Statement), compiling what has been identified as common issues in academia and conservation work environments (e.g. Oreskes, 1996; Leta and Lewison, 2003; Killoren, 2014; Hooker et al., 2017; Coin, 2018; Lindquist and McKay, 2018; Srinivasan, 2018; Fournier et al., 2019; Woolston, 2020). As most of the questions were open-ended or multiple choice, the sample sizes for the different questions varied slightly.



Data analysis

Responses from people representing other fields (e.g., land conservation) and those with more than seven years of post-doctoral experience were filtered out. As most respondents identified as white/European descent (see Results), respondents’ race was divided into two categories to allow for significant statistical analysis: ‘white’ and ‘people of colour’ (POC). All monetary values were recalculated to USD2. Data analysis was conducted in R v.4.0.2 using glmmTMB (Bates et al., 2015; Brooks et al., 2017), with generalized models fitted by maximum likelihood using a Laplace approximation. We analysed whether gender, race, or current employment status were related to (i) access to free education, (ii) the number of months spent on unpaid work, (iii) the amount of money spent on extra qualifications, (iv) the amount of money spent on education, (v) whether the respondent felt they gained from these experiences, (vi) whether the respondent suffered from any mental health issues, (vii) whether the respondent had experienced any kind of discrimination, abuse, or mockery in their place of work or study, and (viii) whether their work within marine science professional environment contributed to or worsened respondents’ mental health issues. We also analysed whether respondents’ region was related to (ix) the number of months spent on unpaid work, and (x) the amount of money spent on education. Analyses (i) and (v)-(viii) used binomial error distribution (logit-link). Analyses (ii)-(iv) and (ix)-(x) used Gaussian error distribution (identity link) with values log-transformed where needed. Testing for statistical significance was conducted with Wald chi-square tests (package ‘car’: Fox et al., 2012), with Wald z-tests used as post-hoc tests to evaluate differences among various levels.

Model results and figures are provided in the Supplementary Material, and the main findings are summarized in the Graphical Abstract. Anonymized open field comments are available as supplementary data (see Data Statement).




Results

After applying the above-mentioned filters, we received 492 answers from people who had achieved their latest degree no longer than seven years ago. Respondents were between 18 and 44 years old, with the vast majority (85.00%) aged 22-35; 81.91% identified as female, with 0.20% being trans-women, 17.28% identified as male, and 0.81% as non-binary. Most respondents were based in the Global North (i.e., USA 32.60%, UK 23.60%, and the rest of Europe including Russia 26.30%; Appendix 1).

The racial makeup was even more unevenly spread, with 86.38% of respondents being of white/European descent (Appendix 2). Three respondents identified with their ethnic group (i.e., Galego, Luhya, Malaysian Chinese), and one person with their religion (i.e., Muslim).


Education and employment

Less than half (43.90%) of respondents were employed in a paid job relevant to the field of ocean science and/or conservation at the time of the survey. Most held a graduate (49.19%) or undergraduate (36.38%) degree (Appendix 3).

Most (77.85%) of the respondents had undertaken additional training, such as professional certifications and permits (e.g., Marine Mammal/Protected Species Observer, diving certification, drone and boat licenses, or other education), with a median of 8.5 additional qualifications (Appendix 4).

Access to social and academic support (e.g., mentoring, housing support, library access, etc.) was not correlated to gender, race, or current employment status (Table 1 and Appendix 5).

Table 1 | Summary of main models testing effects of gender, race, employment status or region on selected aspects.


[image: A table showing the chi-squared test results for various social variables. Variables are offered support, access to free education, amount spent on education, etc., analyzed by gender, race, and employment. Chi-squared values and p-values are listed. Bold p-values indicate statistical significance. Degrees of freedom are also included.]


Educational expenses

Most (75.6%) respondents had not had access to free education, with no correlation to gender, race, or current employment status (Table 1). Access to free education was reported predominantly by Europeans. Student debt reached as high as $350,000 (mean $55,068, dominant $120,000), with a significant difference between geographical regions (highest in the USA, UK, and Africa; Table 1). The amount spent on education was lower for white respondents (p=0.013, χ2 = 6.169, df=1), but was not correlated to gender or current employment status (Table 1). Education costs were covered mostly by financial aid from family or friends (64.02%) and by employment outside of the university (56.50%; Appendix 6).

Extra qualifications cost respondents an average of $3021.29 (SD = $6649.10, dominant $2000), with a maximum reported amount of $100,000. This had no correlation with gender, race, or current employment status (Table 1). Over 70% of respondents did not have a clear expectation of being able to repay their student debts: 63.41% were unable to give an estimate of whether they would ever be able to pay them off, and 7.92% claimed that they would never be able to do so. Only 15.65% of respondents expected to be able to pay off their student debts within the next decade.



Work experience and unpaid labour

The majority of respondents had 2-5 years of work experience (Appendix 7). Only 57.11% of all reported work time was paid, 28.41% unwaged with no support, 8.91% spent working for food and board, and 5.57% of the total reported work time required a fee for the possibility to work (i.e., volunteer work with an ‘entry fee’). Time spent on unwaged labour had no correlation with gender, race, region, or current employment status (Table 1). Respondents spent on average $6,176.91 (max = $100,160, SD=$9,286.25) on unpaid work (e.g., covering costs of travel, visas, insurance, etc.).



Gains from unpaid labour

Roughly half (54.30%) of the respondents received professional references for their unwaged work. One-fifth (20.10%) were able to publish or present the results of their unpaid work, while 51.20% were afforded no opportunity to do anything further with their unwaged work (Appendix 8 also Appendix 9 for other gains from unpaid work).



Mental health

Most respondents reported experiencing anxiety (66.67%), burn-out (50.81%), depression (47.97%), panic attacks (37.60%), and other mental health issues (Appendix 10). Mental health issues were strongly correlated to gender: men suffered from significantly fewer issues than women and non-binary persons (p<0.001, χ2 = 19.058, df=3). There was no correlation with race or current employment status (Table 1).

While 60.8% reported that work in marine sciences contributed to or worsened their condition, this was not correlated to gender, race, or current employment status (Table 1).



Discrimination and abuse

Most (72.15%) respondents reported experiencing mockery, discrimination, and/or abuse in their place of work or education, predominantly based on respondents’ gender (47.56%) and age (30.49%; Appendix 11).

Regarding workplace issues, respondents reported being expected to cancel or postpone private life events or choices (44.11%), exclusion from decision-making of direct relevance to them (34.76%), exclusion from publication credits even though they had contributed significantly (26.42%), and not being paid for work as agreed (18.50%), among other issues (Appendix 12).

Regarding health and safety, respondents reported having to work when they were compromised either physically (19.92%) or mentally (23.58%), and having to work under conditions that their put health or safety at risk (32.11%), among other issues (Appendix 13).

Other forms of abuse in work and study environments included verbal (39.23%) and sexual abuse (17.89%; Appendix 14). Most (63.41%) respondents knew at least one person who had experienced discrimination in the field. Men reported experiencing significantly less abuse and/or discrimination in any form than women or non-binary persons (p=0.003, χ2 = 13.733, df=3).

Only 2.85% of respondents said that they had reported all the abuse they experienced, while 24.19% said they reported only some of it. The most common reason given not to report abuse was fear of losing future career or work opportunities (37.80%; Appendix 15).



Motivation and satisfaction

Respondents’ main reasons for having chosen ocean science and conservation as a career were their love of the ocean (89.02%) and a personal interest in particular conservation issues (76.42%; Appendix 16). When choosing their career, the majority of the respondents reported that they had expected to face multiple issues in the job market, such as high competition (79.47%) or the need to relocate for work (59.76%). Only 3.46% of respondents thought that there were no issues regarding their work or study environment in their field (Appendix 17).

Meanwhile, only 15.65% of respondents reported feeling very satisfied with having chosen ocean science and conservation as a career (Appendix 18), while 29.67% felt that following this career path had been worth the financial costs (Appendix 19).




Discussion

The results of our survey present some of the issues faced by the ocean scientists and conservationists entering the job market now and in the coming years. Before addressing these obstacles, we would like to stress that the inequalities in geographic and racial representation in our results are striking, and may be an artefact of a biased reach of the online survey. While the general racial and ethnic makeup of the field is indeed heavily biased toward white Westerners (Cook et al., 2016; Srinivasan, 2018), the unequal distribution of our respondents prevents us from discussing some of the issues with absolute confidence.

Due to this uneven representation in our survey, our results should be taken with some caution, and understood as more of an indicator of issues than a comprehensive report. For example, while we did not show a correlation between race and experienced discrimination, this is likely a result of the very small sample size of interviewed POC, as well as of prevalent gender-based discrimination. Racism is as widespread in science as it is in general society (e.g., Bailey et al., 2020; Dutt, 2020), and we hope that the lack of direct correlation shown in this study will not be used to lessen the importance and seriousness of the issue. Similarly, it is unclear whether the uneven gender representation reflects the composition of the field (i.e., female-dominated at the entry-level) or a biased reach of this survey, and thus analyses taking gender into account should be approached with caution.

Due to the extremely uneven racial representation in our survey results, we have also excluded analyses that took both race and gender into account simultaneously. We recognise that this omission of intersectionality is a major blind spot of this survey. Finally, the severe geographical bias has made in-depth analysis by region impossible, and the costs are analysed from a global perspective only without taking local costs of living into account. More targeted studies are needed to better understand the needs of different groups within the field, as well as the obstacles they each face due to factors not covered by this survey.

In some regions, there is a strong economic barrier to accessing marine sciences and higher education in general. Few respondents had access to free education and strong support systems. Among those who paid to study, it was clear that having strong financial support from family or friends and the ability to take on a second job was crucial. Even though the reported spending on education was very high, and few respondents predicted ever being able to pay off their student debts, many took on additional qualifications. The expectation that one should be ‘specialised in everything’ can be detrimental to both science and conservation (Cosentino and Souviron-Priego, 2021), as well as being not financially viable. Ethical statements must be supported by action, and generally, the most urgent and prominent assistance needed is funding. While small grants dedicated to marginalised groups or economically less privileged countries are offered through many professional organisations, these grants rarely secure project longevity, and more sustainable funding options are needed (Srinivasan, 2018).

Despite their formal education and additional training, less than half of the respondents were employed in a paid job within the fields of ocean sciences and marine conservation. Even so, nearly half of the reported work time for these positions was not paid for, also in breach of existing contracts (i.e., paid less than agreed or not paid at all despite the existing contract). Indeed, most of the early-career work in ocean science and conservation was reported in another study as uncompensated or involving additional fees from the worker (Osiecka et al., 2021). While volunteering may provide initial experiences in a highly competitive field, only about half of the respondents felt as though they gained valuable skills and expertise through volunteering, and few of them were able to publish the results of their work, and almost a half did not even receive a letter of recommendation. This may be in part due to the misuse of these volunteers, for example, some respondents reported having to clean houses or babysit for their supervisors during unpaid or pay-to-play work advertised as scientific or conservation projects (see Data Statement). At the same time, unpaid work rarely offers significant career advances (Fournier et al., 2019; Osiecka et al., 2021), and its pitfalls are often bigger than the benefits (see also Siebert and Wilson, 2013). Time spent working unpaid did not predict the employment status of the respondents, and volunteer workers reported experiencing various forms of exclusion and abuse, including criminal actions from data theft to physical abuse (see Data Statement for case stories). Also concerning is the fact that the option of working for free excludes people from less privileged social backgrounds or who are unable to take up a second paid job for whatever reason (Fournier et al., 2019; Favaro and Hind-Ozan, 2020).

With regards to gender representation in ocean sciences, women have largely achieved education parity (O’Connell and Holmes, 2015; Brooks and Déniz-González, 2021), and are even a majority group in some fields (e.g., marine mammalogy)3. Women were also the predominant respondent group in our study – which can reflect either a changing composition of the field (i.e., female-dominated in the first career stages) or a biased reach of the survey (e.g., women being more motivated to report the issues they experience). Even so, women continue to be less likely to be retained in a tenure track or other permanent positions (Thompson et al., 2011; O’Connell and Holmes, 2015; Cook et al., 2016; Potvin et al., 2018; Gillanders and Heupel, 2019; Giakoumi et al., 2021), or have their work represented and funded equally compared to their male colleagues (e.g., Oreskes, 1996; Leta and Lewison, 2003; Witteman et al., 2019; Bellotti et al., 2022.). Gender minorities are still virtually excluded from any such comparisons and were also severely underrepresented in our study.

Our results showed that the reported mental health and abuse issues were gendered. Most respondents had experienced abuse or knew someone who had. Men report fewer forms of abuse than women and non-binary people and generally tend to notice fewer instances of abuse in the field (this study; Hooker et al., 2017). Gender minorities are extremely underrepresented in ocean sciences and are commonly excluded from equity actions, which are most often dedicated to cis-women. Experienced harassment directly affects not only health but also scientific productivity (Lindquist and McKay, 2018; Wilkins and Marín, 2021). Having to spend extra time coping with the abuse and time investment in equality activism adds yet more pressure on already disadvantaged groups (e.g., Killoren, 2014; Gewin, 2020). Allowing abusers to exist within their professional environment is thus not only unethical but a waste of human and financial resources (McKay et al., 2008).

There is a global mental health crisis among graduate students and postdocs (Evans et al., 2018; Woolston, 2020). The mental health issues reported in our survey were particularly concerning: most respondents suffered from anxiety, depression, and burn-out already in their very first steps in their careers. This was particularly true for women and nonbinary people. Few respondents reported being happy with their career choice, and over 60% of respondents across gender and race felt that their health had worsened because of their work. These are not issues that simply disappear when one changes jobs – rather, we are witnessing what may for many be the beginning of a life-long crisis. Almost half of our respondents had been asked to cancel or postpone private life events due to work plans. Such an expectation hits particularly hard on caretakers and reflects severely on the retention of women in the field (Hooker et al., 2017). At the same time, over one-third of respondents reported having to work in situations that risked their life or health in unpaid positions (e.g., working with malfunctioning diving equipment, unsanitary equipment, insufficient protection from chemicals, etc.), without necessary training or equipment, or when unwell. While dedication to academia often pulls vulnerable workers into abusive situations (Coin, 2018), the impositions of unnecessary risk and expected negligence towards one’s health should serve as alarm bells.



Recommendations

Mentoring people from marginalised groups in ocean sciences has been shown to improve their retention (Johnson et al., 2016; Mouw et al., 2018), but more solutions are needed. The alarming reported state of mental health calls for improving access to free or affordable professional help and organising a network of support within the field with safe, anonymous ways to share stories and report abusers. Ensuring safety in professional spaces and situations should include specifying a code of conduct and removing harassers from workplaces and professional meetings (Favaro et al., 2016). At the same time, efforts should be taken to ensure the physical safety of the workers, such as providing them with adequate safety equipment, health insurance, and sick leave.

Furthermore, there is a need to address underrepresented groups and recognise the intersectional impacts of different backgrounds and identities in ocean careers. We must be careful not to fight discrimination with punishment or to tokenize people to build a more positive image of the field, rather, we should construct a better, more inclusive value system. Fostering true diversity in science and conservation must include and reward various roles (e.g., local guides, technicians, diverse specialists) and viewpoints (such as non-western or niche ways of thinking; e.g., Matulis and Moyer, 2017; Davies et al., 2020; Chaudhury and Colla, 2021; Davis et al., 2021). Perhaps the most needed and straightforward tool to do this is by providing adequate funding. This should take various forms, from academic scholarships, free or subsidised training, and financial support dedicated to underprivileged groups, to ensuring compliance with local labour laws and fair pay to all workers in the field.

The stories we live by are still dictated by only a few. As long as the racist and classist roots of the sciences and the environmental movement are left largely unaddressed, they remain hurtful and excluding (Schelhas, 2002; Nocco et al., 2021), and can further discourage people from entering these academic fields. At the same time, homogenous groups failing to grasp different cultural values and contexts are unlikely to develop appropriate conservation solutions (Green et al., 2015). Including diverse actors will lead to great results for ocean sustainability (Lubchenco et al., 2016) both in conservation science and human wellbeing dimensions (Davies et al., 2020; Nash et al., 2021). It is extremely important to hear, normalise, and respect stories of hardship in the field and marginalised perspectives, and use these to determine how to create safe and fair work environments. We depend on the marine areas, and on the people who take care of them. If we want to conserve the ocean, it is imperative that we also support those who study and protect it.
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1Society for Marine Mammalogy Discussion Panel: Unpaid Positions in Science. Recording accessible at: https://www.youtube.com/watch?v=lndXvE0nR0c - last accessed 3 November 2021

2According to the Xe Currency Converter, available at: www.xe.com/currencyconverter - rates as of 4 June 2020

322nd Biennial Conference of the Biology of Marine Mammals Workshop report: Women in marine mammal science: Breaking down barriers to success, 2017. Accessible at: http://wimms.weebly.com/
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Marine natural sciences have been instrumental in helping society understand how ocean systems operate and the threats they face. However, there is a growing realisation that the societal challenges related to the marine environment can only be addressed through more effective integration with all aspects of social sciences. Nevertheless, to date, social sciences remain insufficiently integrated into marine research. Recognising historical weaknesses and drawing on the authors’ own experience of interdisciplinary research, albeit writing primarily from a natural marine science perspective, we propose a series of steps to promote integrated marine research inclusive of strong social science. We suggest that changing the perspectives and attitudes of natural scientists is key. The inherent interconnectivity between the ocean and society ensures that nearly everything we do in the marine natural sciences has the potential to influence and, perhaps address, ongoing and future societal challenges. Consequently, a key challenge for natural scientists is to recognise and communicate this in an accessible manner outside their own disciplines. To attempt to address these issues, we introduce the concept of “Socio-oceanography” which we define as an area of research that takes a “whole system” approach to the marine environment. It focuses on the challenges which require advancement of both natural and social science components, especially on those where the feedbacks between social and natural components are beginning to emerge. Here, we discuss its scope, challenges to its effective application and key steps to catalyse interdisciplinary approaches using this concept.
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1 Introduction

The ocean is integral for our health, our economies, our climate and our weather. It lies at the core of the food, water, energy and communication security of the planet and holds enormous cultural and spiritual value for many (e.g. Sunde, 2008). Despite this importance, the resources and services provided to human societies by the ocean are under increasing pressure from multiple drivers. Pollution, overfishing, ocean acidification and associated increased hypoxia, and the accelerating impacts of climate change are pushing the ocean – and the wider Earth system – towards a possible sixth mass extinction event (e.g. Cowie et al., 2022). The scale of human impacts is so great, and the changes to the ocean and the whole planet so fast, that the pace of scientific discovery and science-based solutions are not keeping up. Furthermore, there is a growing recognition that the scientific research needed to find solutions for rapidly emerging challenges is fundamentally distinct from traditional single-discipline marine research. It necessitates shaping the objectives and outputs of natural sciences while viewing them through the lens of social sciences. Recognising this challenge, in January 2021, the United Nations declared the Decade of Ocean Science for Sustainable Development (2021-2030) (OD2030, Ryabinin, 2020) (hereafter the Ocean Decade). This decadal program provides impetus for concerted transdisciplinary collaboration to address the urgent need to transform societal relationships with the marine environment. It also opens a new era of ocean science, recognising the breadth and depth of ocean research, moving away from a historical dominance of natural and physical sciences, and with the prospect of major changes in the way the whole ocean research community works together and contributes to sustainable ocean futures, and indeed, sustainable communities. Furthermore, the Ocean Decade is already beginning to refocus the narrative from one of “doom and gloom” around environmental changes towards one of “Ocean optimism” (Koldewey, 2016) that shifts the focus on solutions agenda (e.g. Borja et al., 2022). Key to realising these goals and achieving the desired shift in ocean research and ocean solutions is the recognition that marine research requires fundamental changes in how it is conducted, funded, and communicated across the science-policy-practice interface.

In spite of their paramount importance to addressing the key challenges of sustainable development, the social disciplines remain largely insufficiently and ineffectively integrated into marine research (e.g. van Putten et al., 2021; McKinley et al., 2022). There are multiple challenges for this, well-described in the literature mostly from social science perspective, including divergent epistemologies underpinning knowledge creation in natural and social disciplines (Moon et al., 2021); the lack of commonly accepted definition of transdisciplinary and its concepts and ideas often leading to underestimation of the challenges of transdisciplinary collaboration (Jahn et al., 2012); challenges of career progression for scientists engaging into interdisciplinary research (Kelly et al., 2019); and, insufficient visibility of social marine science research and the need to conduct a global stock take of the marine social sciences (McKinley et al., 2022). Furthermore, the realm of social sciences is vast and multifaceted, and includes more diverse frameworks and methodologies compared to the natural sciences. The disparate array of “social processes” illustrated in Figure 1A underlie a correspondingly wide range of interlinked social science disciplines. In the context of socio-oceanography, it is evident that positivist social sciences (such as economics and psychology) have been more successful when collaborating with the natural sciences, while integrating disciplines that lean towards interpretivism, such as political science, sociology, and cultural anthropology, has proven to be more challenging, though not insurmountable (e.g. the concept of “ethno-oceanography”; Gasalla and Diegues, 2011). In response to these challenges, various solutions have been proposed with the importance of fostering meaningful and effective interdisciplinarity across marine research identified as a pressing priority for advancement of global marine science (McKinley et al., 2022; McKinley et al., 2020). Although there are various ways of defining inter- and transdisciplinary research, here we define interdisciplinary research as involving both natural and social science components, and transdisciplinary research (following Jahn et al., 2012) as research involving non-academic insights and participants (policy-makers, managers, users or, with growing importance, research communicators including artists) and thus relating societal and scientific problems and their communication.

[image: Diagram A is a Venn diagram titled "Socio-Oceanographic Systems," showing the interaction between social processes, human components, and oceanographic processes. Diagram B is an illustration titled "Developing a Concept of Socio-Oceanography," depicting various ocean and coastal activities, biodiversity elements, and human interactions integrated with the ocean environment.]
Figure 1 | (A) Schematic representation of socio-oceanographic systems: process, components and integration challenges (adapted from the original schematics of Finzsch, 2017). MIZ, Marginal Ice Zoe; CC, Climate Change. (B) Developing a concept of socio-oceanography: graphical notes of a conceptualisation.

Despite regular and increasing calls for improved inter- and transdisciplinarity (e.g. Cvitanovic et al., 2021) within marine research, it is clear that effective delivery of this remains a challenge. Here, we suggest that one of the key challenges to overcome is the need for natural marine scientists to embrace an inter- and transdisciplinary nature of marine research, one that is inclusive of social sciences, and their critical significance to the societal challenges and their solutions. As a tool to promote this, we introduce the emerging concept of “Socio-oceanography” and, in the following sections of the paper, discuss its potential scope and challenges in supporting the delivery of interdisciplinary ‘ocean science for the ocean we want’ as set out by the UN Ocean Decade.




2 Socio-oceanography: an emerging concept



2.1 Scope

Socio-oceanography is an emerging area of research that takes a “whole system” approach to the marine environment by explicitly factoring in human dimensions into wider marine research (Figure 1A). It focuses on the challenges which require advancement of both natural and social science components, especially on those where the feedbacks between social and natural components are beginning to emerge.

Similar to the fast-growing research area of marine socio-ecology, which focuses on interacting human and ecological systems (e.g. Refulio-Coronado et al., 2021), socio-oceanography includes both social and natural components and the feedbacks between them. However, the range of problems is broader than in the field of socio-ecology, and includes situations where the living components of marine ecosystems do not necessarily take the centre stage of its environmental components. Socio-oceanography considers the entirety of the natural ocean and marine systems, addressing physical, chemical and biological aspects that impact and interact with society at levels that can be more fundamental or basic than that of ecosystem-level interactions.

Examples of socio-oceanographic problems span the entire breadth of the ocean. Changes in the intensity and loci of marine hazards due to climate-scale variability and trends require communication and engagement with coastal communities to ensure disaster response and/or adaptation strategies are effective. Marine hazards also affect subsea telecoms cables (Clare et al., 2022) and their social and economic significance. Marine construction is expanding (Bugnot et al., 2021) and impacts on physical and chemical characteristics of the marine environment, marine ecosystems and habitats, and on many aspects of coastal human relationships with the ocean as a place of belonging, of work, of inspiration, and of connection. Marine and terrestrial biological species are being redistributed due to climate change impacts, which could influence economies and societies and feedback on the climate, changing the pace of climate change itself (Pecl et al., 2017). New shipping routes are emerging as a result of Arctic sea-ice loss (Aksenov et al., 2017) and emissions from increasing Arctic shipping feedback on the regional and global climate (e.g. Stephenson et al., 2018). Ocean based carbon dioxide removal involves complex feedbacks between the proposed interventions, climate response, ecological impacts, public acceptability, unintended consequences and responsible and equitable governance (Lebling et al., 2022). The list of questions above has the potential to be expanded further into more challenging areas of integrating marine and interpretive social sciences. Such integration holds great promise in addressing equity challenges and making a critical contribution to truly sustainable development. These areas may encompass examining the influence of power structures in shaping oceanographic knowledge, incorporating knowledge from indigenous communities, and exploring the intrinsic value of biodiversity. However, examples of fully integrated studies within these domains remain relatively scarce, as the challenges associated with integration are particularly pronounced.

The rapidly escalating climate and biodiversity crises and accelerating development of the blue economy, driven by – and also exacerbated by – the steady growth of human societies and economies impels a sense of urgency for socio-oceanography. Its timely expansion and development as a concept is critical in order that the challenges facing the global ocean are successfully – and practically – addressed.




2.2 Key challenges/themes of socio-oceanography

There are multiple ways in which the key themes of socio-oceanography can be organised. Here, we suggest the following (overlapping) broad challenges which can guide further horizon scanning exercises (e.g. Wisz et al., 2020; McKinley et al., 2022) to establish and prioritise the key research questions:



2.2.1 Challenge 1: ensuring food, water, energy and communication security

The sustainable and equitable exploitation of the ocean holds enormous potential to contribute innovative solutions for some of the biggest societal challenges, such as ensuring food, energy, and communication security. These challenges are complex and approaches to their understanding and solutions require system thinking in socio-oceanographic framework. For instance, there are suggestions that seafood representing 17% of food being currently produced, has the potential to increase by 36–74% by 2050 if harvested sustainably (Costello et al., 2020). This notion has faced challenges as an “aquaculture over-optimism” (Sumaila et al., 2022), highlighting concerns about equity by drawing attention to the devastating socio-economic costs that low-income coastal states may bear if the full potential is pursued. The ocean is also the world’s largest untapped source of renewable energy, with off-shore wind energy currently being the fastest growing Green Energy sector in the UK (Energy Trends UK, 2022) potentially becoming the number one source of power generation in Europe by 2042, scaling up from 20 GW today to 450 GW by 2050 (WindEurope, 2019). However, maritime transportation, which constitutes the largest energy consumer within the blue economy, is also accountable for a staggering 2-3% of global anthropogenic carbon emissions (Jaramillo et al., 2022). Further, the deep-sea mining of seafloor minerals containing critical metals represents a potentially key resource for the technology infrastructure needed to enable the renewable energy transition (Hein et al., 2020) and the net zero agenda, although its sustainability is under debate (e.g. Hallgren and Hansson, 2021).

With nearly four billion people facing severe water scarcity (Mekonnen and Hoekstra, 2016), water security is increasingly recognised as one of the largest global risks in terms of potential impacts on society (World Economic Forum, 2015). At the coastal interface, water security issues are strongly influenced by interactions with the ocean. The combination of reduced river flow, water table drop and sea-level rise leads to increased salt water intrusion in estuaries and groundwater. Increased frequency and height of extreme sea level events, caused by storm surges and long-term sea level rise, can cause overtopping of freshwater coastal reservoirs. Periodic intense storms also bring sea-water inland, affecting soil salinity and productivity. Groundwater extraction can also lead to subsidence, increasing relative to sea-level rise around coastal megacities and exacerbating the water security issues (e.g. Cao et al., 2021).

The global ocean is host to more than 1.3 million km of in-service telecommunication cables that cross the seabed, underpinning the internet and >99% of global data transfer (Carter et al., 2009). These subsea communications links are considered critical infrastructure by many governments, and provide crucial services to remote, developing island states, allowing access to the internet, e-finance, telemedicine and remote education. However, subsea cables and their landing stations can be damaged by marine natural hazards, such as storm surges, waves, cyclones, floods, submarine landslides and ice scour, as well as long-term sea level rise at the coast. At the same time, cables can be damaged by human activities at sea, ranging from accidental to intentional causes with profound socio-economic impact, such as recent instances of cable breaks that cut off the Shetland Islands from mainland Scotland in 2022 (e.g. Clare et al., 2022).




2.2.2 Challenge 2: addressing threats and vulnerabilities

At the core of this challenge is vulnerability of socio-oceanographic systems to a range of threats such as e.g. extreme climate events (e.g. marine heatwaves), climatic and social tipping points (e.g. reaching a hypothesised irreversible loss of the Arctic sea ice or negative social tipping points resulting from mounting poverty, Tàbara et al., 2022), political changes and instabilities (e.g. resulting in reversal of green policies), management decisions (e.g. land use change), technological advances (e.g. deep sea mining, carbon dioxide removal), pollution disasters (e.g. oil spills). The concept of vulnerability has been evolving for nearly a century (e.g. Carr, 1932; Lahsen and Ribot, 2022) with modern approaches advocating systems thinking (Bevacqua et al., 2018), integrating natural and social sciences and examining complex socio-oceanographic systems using a theoretical framework which include (e.g. IPCC, 2022): i) the exposure to the environment (e.g. ocean warming, sea level rise), ii) the sensitivity of the economy to changes in a resource as a result of this environmental exposure (e.g. economic or nutritional dependence of the population on a resource), and iii) the adaptive capacity of the region to respond and recover (e.g. governance, literacy, availability of alternative incomes). Nevertheless, the adoption of integrated approaches, particularly in the context of climate change risks, remains uncommon. Both natural (e.g., Sutton, 2019) and social science (e.g., Lahsen and Ribot, 2022) perspectives have emphasized the need for improved incorporation of socio-economic and political factors into risk assessments. Socio-Oceanography as a framework should not only strengthen the bridge between characteristics of changing natural environment, ecosystems and society but also capture the feedbacks between these system components.




2.2.3 Challenge 3: valuing the ocean

From an economic perspective, the ocean provides a broad range of resources and natural services while political perspective recognises a set of individual and collective rights and duties. However, the value of the ocean is far more diverse and encompasses the richness of people’s relationship with nature, providing socio-cultural benefits that are perhaps less tangible than the narrow set of values on which political and economic decisions have historically been based (IPBES, 2022). For the ocean to continue to meet diverse and divergent (and often directly competing) human needs, it is critical that it is properly and holistically valued. This requires stepping away from traditional economic valuation of oceans, such as the percentage of national Gross Domestic Product (GDP) attributed to marine industry production. A country could exhaust its mineral resources and fish their waters to extinction, but GDP would only reflect the positive monetary contribution the extraction and sale of those resources would generate (Banerjee et al., 2020). This approach fails to acknowledge the potential loss of economic, and indeed other non-economic, benefits in the long term by ignoring the cost of depletion and degradation of natural capital (Fenichel et al., 2020).

Introducing a System of Environmental-Economic Accounting (SEEA) framework could be considered a first step towards including biodiversity indicators into national economic accounts (King et al., 2021). The application of SEEA to ocean environments has, however, been limited due to challenges of classification of ocean ecosystems, and their associated benefits, across large and dynamic spatial scales. The Global Ocean Accounts Partnership (GOAP, 2022) was formed to respond to this challenge aiming to bring together social, environmental and economic statistics relating to oceans. This experimental effort to valuing the ocean can only succeed if it employs interdisciplinary socio-oceanographic approaches enabling us to “understand and appreciate the place of Nature’s services in our economies, including the services that are usually overlooked” (Dasgupta, 2021, p78). In a broader context, the goal of Socio-Oceanography is not to directly challenge existing frameworks but rather to enhance whole system thinking within them. From the standpoint of marine natural sciences, the main challenge lies in addressing the inherent incompatibility between current natural science methods and outputs with these frameworks. Successfully overcoming this challenge requires a community of natural scientists to become aware of, engage with, apply and disseminate successful examples of evaluation frameworks, such as those offered by IPBES or GOAP.





2.3 Drivers of socio-oceanographic systems

System drivers represent key external factors (demographic, economic, sociopolitical, cultural and religious, scientific and technological, and physical and biological; Millennium Ecosystem Assessment, 2005), which influence the trajectory of whole systems, as well as the strength of the feedback between the system’s natural and social components. It should be recognised that the system drives may vary depending on the geographical scale, location and context of the system in question. Here, we presented a set of drivers as an illustrative example, specifically addressing planetary-scale challenges (Figure 1B).

	Global system health , including the realised greenhouse gas emissions pathway, the resulting impacts and the changed state of terrestrial, atmospheric, cryosphere and oceanic systems and interactions between them (IPCC, 2022); other direct anthropogenic factors such as land use change, agricultural practices including fishing, and industrialisation of the ocean (Smith, 2000); and, as the Coronavirus pandemic so clearly demonstrated, the state of the global human health impacting the environment (e.g. Braga et al., 2022).

	Sustainability agenda, which aims to profoundly change how social and environmental components of the coupled socio-oceanographic system interact. Under this agenda, a sustainable blue economy, if implemented via innovative policies, practices, collaborations, and personal choices can promise: “20% of the carbon emission reductions needed to achieve the Paris climate agreement’s warming limit of 1.5 °C above pre-industrial levels; 40 times more renewable energy than was generated in 2018; 6 times more sustainable seafood; 12 million jobs; and US$15.5 trillion in net economic benefits” (Lubchenco et al., 2020).

	Geopolitics can profoundly affect socio-oceanographic systems as well as the way we study them. Numerous examples include such acute cases as risks and security implications of the newly opening Arctic sea routes (e.g., Melia et al., 2017), issues of maritime security in the Horn of Africa and their routes in degradation of marine ecosystems as a result of IUU fishing and toxic waste dumping (Sumaila and Bawumia, 2014), “Mackerel wars” resulting from lack of cooperation on transboundary fish stock management (e.g. Østhagen et al., 2020) or racial inequalities in the fisheries labour and its significance for the fisheries and the blue economy (Clark, 2022). Geopolitics may also drive ocean exploration for resource sovereignty claims and additional resource extraction activities to reduce dependency on other states and ensure security of supply for minerals (Carver et al., 2019).

	Global cooperation. 61% of the global oceans exist beyond national EEZ’s (exclusive economic zones), referred to as Areas Beyond National Jurisdiction (ABNJ’s). Maintaining marine biodiversity in these regions is the focus of recently completed intergovernmental negotiations within the framework of the ABNJ treaty, under the UN Convention on the Law Of the Sea (UNCLOS). Successful adoption of the ABNJ treaty and subsequent implementation are dependent on approaches that can effectively combine scientific understanding with the social dimensions of managing the global commons (Dunn et al., 2017; Popova et al., 2019).







3 Key barriers to socio-oceanographic approaches and pathways to addressing them

In essence, interdisciplinary marine research and challenge-led integrated marine science are not novel, and numerous programs and initiatives have been previously attempted, with many proving successful. However, it is worth considering why these approaches have not gained more widespread adoption. In this section, we examine the cultural and institutional aspects of the scientific community, funding bodies, and publishing norms which we view as barriers and changes to which in our opinion are required to foster a broader proliferation of these ideas.



3.1 Towards a change of perspective

Historically, a significant barrier to the development of socio-oceanography has been the prioritising of “Blue Sky” or fundamental research over applied or practical research, although this may differ between the countries and funding bodies. This distinction, largely borne out of intellectual stereotyping widely shared across many sciences, is reinforced by funding streams and scientific publications/societies that separate “pure” and applied research (e.g. Singh, 2022). Challenging this unhelpful distinction, together with the associated rhetoric, is necessary and fostering opportunities for research experience of working across disciplines is critical. From the authors’ experience, networks involving social and natural scientists are most successful when they are output-oriented and present opportunities to work together in producing a common output (e.g. academic publications, policy briefings, communications material or practical recommendations for regulatory or governing bodies). Opportunities for such cross-discipline activities vary in frequency and accessibility across international research environments. Among such recent opportunities are the USA National Science Foundation’s (NSF) the Dynamics of Integrated Socio-Environmental Systems (DISES) program (e.g. NSF, 2020), presenting a challenging example where the focus of research were systems with two-way linkages (or feedbacks) between their natural and social components rather than a one way influence of natural system on human system or vice versa; the UK’s Global Challenges Research Fund (GCRF) tackling global challenges via interdisciplinary research (Grieve and Mitchell, 2020); Australian funding of the Centre for Marine Socioecology, Blythe and Cvitanovic, 2020), and Long-Term Socio-Ecological Research Platforms (LTSER) established in Europe in 2007 (Dick et al., 2018). Palmer (2018) suggests that if interdisciplinary leaders co-organise, they can exert a powerful mechanism to promote and expand such cross-discipline working through engagement with/lobbying funding agencies. International activities such as the UN Ocean Decade, as well as the UN Decade of Ecosystem Restoration and the UN’s seventeen Sustainable Development Goals present opportunities for establishing high-profile UN-endorsed networks on socio-oceanography that may fulfil this role.




3.2 Making the funding model ready for interdisciplinary sciences

Although research funding opportunities that integrate natural and social sciences are beginning to emerge (e.g. Palmer, 2018, and, for instance, the UKRI funded Sustainable Management of UK Marine Resources (SMMR) programme), funding models still largely favour single discipline funding (e.g. van Putten et al., 2021). Furthermore, there is evidence that interdisciplinary research has lower funding success (e.g. Bromham et al., 2016). There is an understandable mistrust about the routine use of proposal review processes that effectively operate “behind closed doors” with concerns that the evaluation panel may lack knowledge of all disciplines involved or understanding of challenges and tensions of coupling specific disciplines. With the low success rate of research proposals encompassing multiple disciplines, and often a lack of clear guidelines on how the interdisciplinarity is being accessed, the risk (or opportunity cost) of putting together a trans -disciplinary proposal (especially where co-design is involved) is often perceived as being too high as these require up-front unfunded investment. Addressing these issues, for instance via sandpit models for proposal development and evaluation, a multiple stage co-design process, and/or fast-feedback modes (with non-academic stakeholders where appropriate), will significantly assist the facilitation of interdisciplinary science. Where available (e.g. where formal processes are in place to instigate or guide funding calls, e.g. NERC, 2022), researchers should influence funding agencies to create programmes where socio-oceanography can be a clearly-funded objective rather than a “lip-service” add-on to proposals.

The dominant economic system of recent decades, with its emphasis on free markets, low trade barriers and limited regulation has created a situation where private foundations and high net worth individuals have become prominent funders of research focused on environmental conservation and sustainability. In 2020 an estimated $1.2 billion of philanthropic funds were focused on marine conservation (CEA Consulting, 2021), which has since been dwarfed by the $5 billion ‘Protecting our planet challenge’ supported by a coalition of philanthropists (e.g. Beer, 2022). Gruby et al. (2021) suggest that attention needs to be given to these actors, whose influence is akin to an ecological keystone species, highlighting that the rapid growth of philanthropic research funding has had a “…profound and disproportionate influence on conservation agendas, research, organizations, networks, policy, and the local societies affected by these interventions.” The sheer volume of funding and the influence of these actors highlight that this is an interdisciplinary funding route that cannot be ignored and that research agendas in the “frontier” space of socio-oceanography targeting philanthropic funding needs to be set and challenges of working with ocean philanthropy understood and acknowledged (Gruby et al., 2021). Such challenges may encompass, but are not limited to, the following: the emergence of biases driven by the interests or agendas of the funders; the narrowing of research scope and priority areas; a lack of transparency and compromised publication quality due to non-disclosure agreements or constraints on research publications; an uneven distribution of funding leading to a decline in research areas with less commercial appeal or immediate societal impact; potential conflicts of interest arising when funders have a vested interest in research outcomes; the prioritization of accountability to funders over accountability to communities in conservation and sustainability research (Crosman et al., 2021); and the potential erosion of research credibility resulting from the aforementioned challenges.




3.3 Improve organisational cultures and develop interdisciplinary teams rather than individuals

There is a growing realisation that we need to look beyond growing the capacity of individual scientists engaging with an interdisciplinary research, and instead towards developing institutional capacity to conduct interdisciplinary projects (Blythe and Cvitanovic, 2020), focusing on developing teams rather than individuals. In a review of successes and failures of incorporating marine social sciences into the Integrated Marine Biosphere Research Project (IMBeR), van Putten et al. (2021) highlighted a lack of institutional support and incentives to engage with social sciences as one of the key challenges resulting in somewhat mixed success of the integration. Looking into particular aspects of organisational cultures that enable inter- and transdisciplinary research and using the Centre for Marine Socioecology in Australia as an example, Blythe and Cvitanovic (2020) suggested a range of key principles underpinning successful interdisciplinary organisation, from supporting female leadership to cultivating a visible brand. Although more studies on such “institutional enablers” are needed, spanning various nations and funding models, it is becoming clear that individual scientists raised in conventional natural/socioeconomic silos are not ready to take PI roles without a strong institutional support.




3.4 Publication modes remain single-sciences oriented: a shift towards interdisciplinarity is needed

Although interdisciplinary manuscripts are welcome in many journals, special issue collections dedicated to inter- or trans-disciplinary projects or programmes that would welcome both underpinning natural, social science and cross-disciplinary papers remain relatively rare. This can present a challenge for natural scientists working in such projects, as they often need to publish their results with all necessary details as a single discipline-based paper first, ahead of incorporating the research outcomes into a broader interdisciplinary publication (ESPA, 2018). However, as methods and experimental design may have been dictated by a project’s interdisciplinary objectives rather than the need to advance natural science objectives, such publications can fall short of the expected standards of novelty. Consequently, interdisciplinary, project-focused journal special issues can help with promoting such interdisciplinary research. Further, they can also help to alleviate the difficulties of peer-review of inter-disciplinary papers which can result in the reduction of quality in such publications (e.g. Pautasso and Pautasso, 2010). In this context, we recommend that academic publishers at the border of natural and social disciplines consider supporting novel interdisciplinary publication categories to serve this new and developing niche.




3.5 The need to develop new tools and concepts to support communication and collaboration between academic and non-academic actors

In inter- and transdisciplinary studies, traditional peer-reviewed research papers are not the only – or even the best – mode of communication or way of fostering collaboration. A much broader range of peer-reviewed material is required to ensure outputs are communicated in an accessible way to all relevant audiences, using for example, infographics, graphical notes (e.g. Figure 1B), interactive debates, and video material. Further, the extent of the behavioural, policy and social shifts required necessitates collaboration with diverse media such as theatre, arts, music, and film to reach communities and individuals across cultural and language boundaries (e.g. Jung et al., 2022). Noting that transdisciplinarity is an evolving concept, Strand et al. (2022) urge the movement towards a mode of knowledge production “that recognises a multitude of knowledges, knowledge production methods, and knowledge outputs”. In particular, urging early career researchers involved into transdisciplinary research to include and cite other sources/knowledge outputs in research, such as oral stories, fiction, poetry, songs, and art, as well as policy briefs and non-academic reports. However, diversifying research communication methods presents a challenge for researchers in both natural and social sciences as career recognition and academic measures of success typically focuses on publication industry research metrics such as the H-factor (e.g. Singh, 2022). Consequently, there is an urgent need for academic publishing to provide illustrative examples of its openness to more inclusive content, as well as action from the research community to open a dialogue with executive editors and publishers about the need for these novel publication categories.





4 Conclusions

The United Nations Ocean Decade provides an opportunity and momentum to transform the perspectives not only of marine natural scientists but also their funders, governing bodies, communicators and the wider media. To realise the ocean’s potential role as part of the solutions agenda, all of these actors need to embrace the inter-disciplinary nature of marine science that is required for the delivery of sustainable ocean futures. This paper calls for a decisive action by natural scientists in particular to expand their collaborative boundaries, develop and strengthen their narratives of contribution to solution agendas, and offers the concept of “socio-oceanography” as a viable framework to facilitate this. Within this framework, a “whole system” approach to the marine environment would explicitly factor in human dimension and focus on the challenges which require advancement of both natural and social science components recognising the feedbacks between social and natural components.
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Management goal

1. Sustainable exploitation of resources

2. Restore and conserve biodiversity

3. Maintain and develop sustainable uses

4. Implementation and sustainability of management

5. Participation and representation of stakeholders

6. Social acceptance of MPA

7. Knowledge improvement and dissemination

Objectives

Restore and maintain target species; Increase exploitable biomass with respect to minimum
level

Maintain communities and species representative of the ecosystem; Maintain ecosystem
functions Conservation of particular species; Maintain representative habitats

Sustainability of uses in general; Maintain uses with patrimonial and social value; Contribute
to sustainable territorial development

Efficiency of the management plan; Management organization; Implementation of control;
Financial sustainability; Integration of the MPA with other management instruments

Foster stakeholder involvement in MPA activities; Ensure stakeholder consultation; Involve
local stakeholders in management; Favor consideration of the MPA in local coastal
management

Foster acceptance of MPA by populations; Contribute to reduction of conflicts between
users

Education; Contribution to progress on knowledge of the marine environment
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e Solid and friendly consortium, smooth project dynamics e Communication, coordination and reporting were overly effort- and
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e Transparency and inclusiveness e Developing generic and transferable tools, documenting them and
communicating about them was overly time-consuming

e Consistent, standardized, and useful outcomes e The science was not suited to high IF publications (less time, transdisciplinary
works, «local» work)

e Tools suited to the needs of managers and scientists o Will lasts as long as the resources last, despite sustained interest of parties

e Mentoring and experience sharing between MPA partners,
including for MPAs beyond project partners

o Satisfaction of the partners e Finding funding sources for sustaining such collaborations is difficult (neither
research nor management)

e Contributed to MPA goals (goal 7) e Science uptake may occur several years after the project
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Principle

Findable

Accessible

Interoperable

Reusable

Description

F1. (Meta)data are assigned a globally unique and persistent identifier
F2. Data are described with rich metadata (defined by R1 below)
F3. Metadata clearly and explicitly include the identifier of the data they describe
F4. (Meta)data are registered or indexed in a searchable resource
A1. (Meta)data are retrievable by their identifier using a standardized communications protocol
A1.1 The protocol is open, free, and universally implementable
A1.2 The protocol allows for an authentication and authorization procedure, where necessary
A2. Metadata are accessible, even when the data are no longer available
I1. (Meta)data use a formal, accessible, shared, and broadly applicable language for knowledge representation.
12. (Meta)data use vocabularies that follow FAIR principles
13. (Meta)data include qualified references to other (meta)data
R1. Meta(data) are richly described with a plurality of accurate and relevant attributes
R1.1. (Meta)data are released with a clear and accessible data usage license
R1.2. (Meta)data are associated with detailed provenance
R1.3. (Meta)data meet domain-relevant community standards

From GO-FAIR (2020).
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Structure level

Step 1
Tasks

Step 2
Tasks

Step 3
Tasks

Executive office

Diagnosis of the degree of implementation of DSCs
e Produce a document that simply introduces FAIR and
certification requirements
e Define criteria to evaluate the organization of the DSC
o Create a questionnaire for an auto-evaluation of each DSC

Implementation of the approach to volunteer DSCs
e Production of a roadmap and individual recommendations
for each DSC to achieve FAIR principles
e Assistance by providing technical support to facilitate the
standardization, harmonization, and upgrade of the DSC:
Production of implementation guidelines
and templates
Organization of technical workshops
Harmonization of DSCs
e Transposition of the guidelines for all DSCs

Data and services centers

o Individual auto-evaluation of each DSC using the
questionnaire established by the executive office to assess
the degree of implementation of FAIR principles and
certification

o |dentify possible improvements

o Application of the roadmap to volunteer DSCs
Allocated time: 9 months
e Feedbacks on the experience to improve the guidelines

o Individual auto-evaluation of each DSC to identify the
required improvements
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Code

ENVO1

ENVO2

ENVO3
ENVO4
ENVO5
ENVO6

ENVO7

ENVO8
ENVO9
ENV10
ENV11

ENV12
ENV13
ENV14
ENV15
ENV16
ENV17
ENV18
ENV19
ENV20
ENV21

ENV22
SOCO1
S0OC02
SOC03
SOC04
SOC05

SOC06

SOC07
SOC08

SOC09
SOC10
SOC11
SOC12
SOC13

SOC14
SOC15

SOC16
SOC17
SOC18
SOC19

SOC20
SOC21
S0C22
SOC23
S0C24
SOC25
SOC26
S0C27
SOC28
SOC29
SOC30
SOC31

Name

Algae blooms and small-scale
biogeochemical changes
Atmospheric processes and
precipitation regimes

Coastal geomorphology

Ocean currents

Ecosystem functioning

Expansion Oxygen Minimum Zone
OM2z)

Frequency and strength of extreme
events

Frequency of ENSO events
Strength and variability of ENSO events
Global warming

Ocean warming

Oceanographic processes

Oxygen availability

Primary productivity

Sea level rise

Species composition

Species distribution

Species life cycle traits

Strength of upwelling

Wind strength

Natural evolution

Ocean acidification

Availability of fossil fuels

(Coastal) Human population growth
Corruption

Demand of fish meal/fish il
Demand of seafood

Diversification and expansion of coastal
use

Economic equality

Environmental knowledge and
education and training

Fishing effort

Human Health and Food Security
Human Migration

lllegal fishing

Inclusive management

Industrial overfishing
Informal and undocumented practices

Innovation and technology

Labor and income in fisheries sector
Macro-economic shifts

Monitoring and enforcement of rules

National aquaculture development
Offer and prices of fish meal/fish oil
Offer and prices of seafood
Artisanal overfishing

General Pollution

Industrial pollution

Public investment

Regulatory and legal framework
Organic pollution

Social cohesion

Spatial management

State reform

Definition

Appearance of red tides or algae blooms, sulphidic and nitrification events

Changes in atmospheric processes such as the South Pacific Anticyclone, Walker circulation; changes in
rainfall pattern modifying ocean salinities

Coastal erosion and desiccation processes, changes in river discharge and occurrence of earthquakes
Overall changes in ocean currents and the thermal gradient of the same

Perturbation of the normal conditions of the ecosystems including regime shifts

Change in the depth of the ocean layer at which oxygen concentration is at its lowest saturation point

Change in how often and how strong extreme (natural) events occur, not including ENSO events

Change in how often EI Nifio Southern Oscillation events occur

Change in how strong and how variable (e.qg., different types) of El Nifio Southern Oscillation events occur
Increase in atmospheric temperature

Increase in ocean temperature

Changes in tidal regimes, energy distribution

Changes in availability of dissolved oxygen in the ocean, processes of deoxygenation and anoxia
Changes in the production of biomass by photosynthetic active phytoplankton and other algae in the ocean
Increase in the average sea level, increasingly flooding formerly terrestrial areas

Appearance of new species and changes in species abundance and trophic chains

Changes in where marine species occur, which zones they inhabit

Changes in the timing of reproduction (e.g., spawning), growth and life length of marine species

Changes in the upwelling intensity, location and/or duration

Changes in wind patterns and characteristics (orientation. Intensity, frequency).

Species adaptation and natural selection processes

Process of decrease in pH of the ocean due to the uptake of carbon dioxide (CO2).

Worldwide availability and accessibility of fuel

Increase in human population with a focus on coastal areas, including due to migration

Institutional corruption at different scales

Changing demand of fish meal/fish oil due to global markets dynamics and agquaculture trends

Changing demand of seafood due to changes in consumption, economic incentives or global markets
dynamics
Growing (multiple) use of coastal space (tourism, extractive industries, urbanization. . .)

Wealth distribution; absolute and relative poverty
Knowledge and awareness of sustainability; access to education and training programs

Fishing fleet size and exploitation rate of resources

Consumption of contaminated (sea-)food; nutrition of population with seafood

Human movement (national and international), not necessarily directed towards coastal areas (see SOC02)
Fishing with prohibited fishing gear or not respecting minimum sizes

Management that aims to include women and national/international fisher migrants and to empower fishers’
communities

Overfishing of anchoveta

Informal activities including informal fishing and undocumented bycatch, and missing implementation of
best practices (catch manipulation, processing); under-regulated tourism

Innovative research and implementation of new technological tools
Access to fisheries, fishers’ earnings, dependencies of fishers to intermediaries
Inflation, changes in sources of national growth, globalization

Control of the marine-coastal activities, traceability and certification schemes; power of institutions to
implement rules

(Spatial) Expansion of Peruvian aquaculture activities, development of new aquaculture types
Changes in offer and prices of anchoveta

Changes in offer and prices of seafood

Overexploitation of resources by artisanal fishing fleet

Environmental, beach and sea bottom pollution including plastic and microplastics

Pollution from extractive industries such as heavy metals or oil spills

National investment in fisheries sector, education, health, infrastructure

Existing rules and laws to regulate marine activities including fisheries, and resulting problems
Pollution and eutrophication from terrestrial sewages

Social organization, unity and conflict resolution capacity

Establishment of protected areas and management schemes that incorporate different marine activities
Transformation of state structure and policies, processes of decentralization and/or privatization

For each driver, the respective code (first column), name (second column) and a definition (third column) is provided. The names and definitions showed were the ones
presented to participants in the second phase of the first step; for Spanish speaking participants the information was translated.
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First step

Second step

Third step

Online Survey (Phase 1):
Identification of "Drivers of change" (environmental & socio-economic)
(n =49, response rate: 34%)

,

Internal discussion (research team):
Standardization of answers, coding and clustering of drivers
General topics (ENV = 10, SOC = 12), specific drivers (ENV =22, SOC = 31)

v

Online Survey (Phase 2):
Ranking of "Drivers of change" (environmental & socio-economic)
(n =51, response rate: 36%)

.

Internal discussion (research team):
Clustering of ranked "Drivers of change”,
selection of drivers for scenarios

v

Central workshop:
Discussion and framing of scenarios (in group work)
(n =33, in 8 groups)

Y\

Visit to study region 1: Piura Visit to study region 2: Pisco
Contextualization of scenarios Contextualization of scenarios
FGD A1: FGD A2: FGD B1: FGD B2: FGD B3:
state entities fishers state entities|| fishers tourism
n=2) (n=2) (n=2) (n=3) (n=1)
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(a) Kerguelen Plateau - naturally iron-fertilized HBLE region (b) Southern Ocean Time Series (SOTS) site - HNLC waters -
]
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Parameter Kerguelen Plateau HNLC waters

(HBLE)
Iron levels 0.45-0.7 nM (spring), 0.05-0.11 nM (summer/autumn) ¥
0.09 "M (summer) (@
Phytoplankton High Low (<0.6 mg Chlam=3) ®
biomass (>2.5mg Chlam=3) ¥
Dominant Diatoms and Coccolithophorids and other

phytoplankton dinoflageliates @ ®©)  prymnesiophytes, cyanobacteria,
autotrophic flagellates and pennate
diatoms (101D (12(13)(14)

Dominant Large and medium-sized  Oithona similis, foraminiferans,

zooplankton calanoid copepods, appendicularians, calanoid

Oithonidae, pteropods (19 copepods, pteropods and salps (16)
POC fluxes 66 mgCm—2d-1(N@ 1272mgCm-2d-1 (18
e-ratio 0.03 (1N@ 0.16 (18)(®)

(1) Blain et al., 2001, (2) Blain et al., 2008, (3) Cassar et al., 2011, (4) Blain et al.,
2007, (5) Trull et al., 2019, (6) Armand et al., 2008, (7) Christaki et al., 2008, (8)
Christaki et al., 2015 (9) Lasbleiz et al., 2016, (10) Trull et al., 2001, (11) Kopczynska
etal., 2001, (12) Odate and Fukuchi, 1995, (13) Eriksen et al., 2018, (14) de Salas
etal., 2011 (15) Carlotti et al., 2015, (16) Hunt and Hosie, 2006, (17) Laurenceau-
Cornec et al., 2015, (18) Ebersbach et al., 2011. (a) High phytoplankton biomass
site (A3-2). (b) SOTS site. Examples of carbon flux and e-ratios in the two regions
are also given. The POC fluxes are estimated from polyacrylamide gel traps at
200 £ 10 m and 240 m depth on the Kerguelen Plateau and in the HNLC region,
respectively. The e-ratio is an indicator for export efficiency and is calculated as
the ratio between POC flux and primary productivity. Note that Laurenceau-Cornec
et al. (2015) use net primary productivity (NPP) in the euphotic zone to calculate
the e-ratio, while Ebersbach et al. (2011) use gross primary productivity (GPP).
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Global Scenarios Mean Correlation Global Scenarios

Market Forces 0.07 1.68
Policy Reform 0.05 218
Fortress World —0.04 2.71
Great Transition —-0.04 3.44

The Mean Correlation measures similarity in trends (higher value implies higher
similarity). The Mean Similarity Rank provides the ranking of the scenarios in terms
of similarity in numerical values (lower value implies higher similarity).
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Coastline Coastline Habitat Mean flux gas transfer Emission Gas Mean flux Chamber Chamber method
(m3) area meter distribu- model August transfer model method August August Emission
wide 10 (m) tion (mg/m?/ day) August (g/day) (g/m?/day) (g/day)
%
A 8166 81660 24 3.6 2940 7.6 6206
B 4890 48900 14 1. 831 28 1125
C 12562 125620 37 1.8 2261 1 1256
D 8563 85630 25 0.7 599 0.2 171
Total 34181 341810 100 1.9 6632 0.026 8758
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Correlation pairs Habitat A Habitat B Habitat C Habitat D All habitats

Gas transfer Chamber Gas transfer Chamber Gas transfer Chamber Gas transfer Chamber Gas transfer Chamber
model method model method model method model method model method
Air temperature - Flux 0.12 Coess L —oa7 C 0% -oie [Tess 0.29 [0 oo 0.12
Algal biomass carbon - Flux 0.25 0.29 0.14 0.29 0.08 0.29 —0.46 0.29 0.18 0.25
Flux - Salinity —0.12 —0.41 0.02 —0.41 0.04 —0.41 I o ~0.08 017
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Flux - Water temperature 0.20 —0.04
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surface
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surface
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World Markets —
RCP 8.5 and SSP5 (A1F1)

*Fish obtained from the cheapest sources
eDecommissioning subsidies reduced
eFew legal and technical restrictions
*Only a few high-tech boats
*Sequentially depleted fish stocks

*More competition for resources globally
eLow taxes, strong private sector

eEurope outcompeted by Asia/China
eUse of cheap immigrant labour

Global Sustainability —
RCP4.5 and SSP1 (B1)

*Fish from sustainable sources worldwide
eEquitable and ethical are important
*EU/international marine strategy

eLower meat and fish consumption per capita
sEcolabel certification schemes

*EIA required for new fisheries

eTraceability and quality standards
sFisheries displaced by windfarms and MPAs
eSustainable, low impactfishing gears

National Enterprise—
RCP 8.5 and SSP3 (A2)

*Maintaining nationalsupply important
eFrequent ‘cod wars’

eDecline infish imports (import tariffs)
*Sport fisheries ‘squeezed out’

eHigher fish prices and taxes

eLittle new technology

*Food security more importantthan MPAs
eIndividualTransferrable Quotas (ITQs)
eIncreased disparity—rich and poor countries

Local Stewardship—
RCP 4.5 and SSP2 (B2)

«‘Bottom up’ local/regionalgovernance
«Self sufficiency viewed as important

eLarge number of small/traditional vessels
*Improved opportunities for ‘sport fisheries’
*Mosaic of different management measures
*Not worried about downstream impacts
*Equity and ownership are important
sTraceability standardsimportant
eIndividualTransferrable Quotas (ITQs)
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Area

Estuary area

Inner bay area

Bay mouth area

Outer bay area

Station

A5
C4
A3
B2
C1
C3
D1
D3
D5
D6
D7
D8

Longitude (°E)

120.33
120.29
120.25
120.19
120.18
120.25
120.23
120.23
120.29
120.35
120.42
120.38

Latitude (°N)

36.16
36.10
36.16
36.13
36.10
36.10
36.07
36.04
36.03
36.00
35.98
36.03

Average depth (m)

75
4.9
4.2
3.0
4.2
14.9
12.2
6.6
29.3
25.3
16.0
13.2

Average abundance of CB (x10% MPN/100 ml)

5.83 +4.68
4.00 & 4.45
0.24 +0.96
0.35 £1.36
0.30 +1.27
0.32 £0.75
0.43 +1.34
0.80 +1.87
0.64 +1.82
0.39 £1.55
0.32 £1.27
0.64 +1.44
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World Markets —
RCP 8.5 and SSP5 (A1F1)

*Huge expansion of offshore fish farming
e Luxury product vs anonymous fish protein
*Pangasius dominated aquaculture markets

*Extensive use of cheap immigrant labour

*Big businesses strive for value-for-money
eFrequent fish killsdue to pathogens & jellyfish
«Global trading of aquaculture products
eTechnology/automation important

*Low seafood prices, lowenergy prices

Global Sustainability —
RCP 4.5 and SSP1 (B1)

«Tight regulation of inputs and outputs
*ElA required for new farms
eTraceability and quality standards
*Organic and fair-trade ecolabel schemes
sTechnology transferto poorer countries
*Carbon footprint considered

eInland, closed systems more common
*Renewable energy powering most farms
*Expansion of offshore production

National Enterprise—
RCP 8.5 and SSP3 (A2)

*High seafood prices, high energy prices
eLess technology, more labour

eRegional production with public subsidies
*Genetic engineering of aquaculture species
eAquacultureto feed domestic tastes

«Some countries adopt new tech., others not
*Local certification and marketing schemes
*Food security dominates over environment

Local Stewardship —
RCP 4.5 and SSP2 (B2)

eLocal/regional governance — high autonomy
«Self sufficiency viewed as important

eSmall scale, low-impactfish farming

*ElA required for all newfarms

*Quality and traceability important
*Sale/marketing of locally produced products
eGreater variety of organisms farmed
*Strong incentives to recycle waste materials
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Predictor

Behavioral intentions A and B, and revealed behavior C

(A) Support sustainable
fisheries [linear regression]

(B) Support a 25% fishing effort
reduction [linear regression]

(C) Owning a fishing license
[binomial regression; yes, no]

Pre (n = 51) Post (n = 46) Pre (n =50) Post (n = 45) Pre (n = 54) Post (n = 49)

Personal norms 0.3605" n.s n.s 0.3312* n.s n.s

Subjective norms n.s n.s n.s n.s n.s n.s

Perceived behavioral control n.s n.s n.s n.s n.s n.s

Ascription of responsibility n.s n.s n.s n.s n.s n.s

New ecological paradigm n.s n.s n.s ns n.s n.s

Egoistic values n.s n.s —0.1758* n.s s n.s

Biospheric and altruistic values n.s n.s n.s 0.4094* n.s. n.s

Fishing profits n.s n.s n.s n.s n.s n.s

Fishing-site (outer gulf, PT) n.s n.s —1.6595™*  —1.0057** n.s n.s

Fisheries organization (member) n.s n.s n.s. M:S: n.s n.s

Fishing gear (finfish gillnet > 3 inches) 0.7796™* n.s n.s 1.2856™ n.s n.s

Fishing-site (middle gulf, CP) n.s n.s 0.6039* 0.4778* n.s n.s

Gender (male) n.s n.s n.s n.s n.s n.s

Own fishing vessel (yes) n.s n.s n.s n.s 2.89484* 2.86521*

R2 0.5182 0.3610 0.6217 0.7188 0.5125 0.4424
(Nagelkerke R?)  (Nagelkerke R2)

Adj. R? 0.4525 0.2986 0.5787 0.6656 0.3690 (Cox 0.3237 (Cox
and Snell R?) and Snell R%)

All figures (except R2 and Adj. R) are standardized B-coefficients. *p < 0.05, *p < 0.01, **p < 0.001, n.s., no significant; PT, Paquera-Tambor; CP, Costa de Péjaros.
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Model

Metrics 1950 2000 Change between
2000 and 1950 in
(%) of year 1950

Net Primary production (g 110.7 1155 4.4

Cm=2year1)

Sum of all exports (g C -0.67 -0.48 —28.4

m~2 year~1)

Sum of all consumption (g 22115 207.84 —6.0

Cm~2year )

Sum of all flows to detritus 82.9 86.1 3.8

(@Cm=2 year™ ")

Sum of all respiratory flows 110.8 106.2 —4.2

(gCm=2year1)

Total system throughput (g 414.3 399.6 -35

Cm=2year1)

Sum of all production (g C 167.5 167.3 —0.1

m~2 year~ ")

Total biomass (excl. 15.4 13.7 —-11.2

Detritus) (g C m~2)

Total catch 0.0779 0.069 —11.4

Mean trophic level of catch 3.72 3.77 1.1

(TLe)

Gross efficiency (catch/net 0.00070 0.00060 —156.1

primary production)

Transfer efficiency (%) 19.5 18.0 —-7.5
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Constructs Theory Survey code Factor
1 2 3 4 5 6 7 8 Mean SD Cronbach’s alpha

Biospheric and altruistic values VBN 0.774
Respecting the earth. .. ABV1 0.89 5.58 1.18

Unity with nature. .. ABV9 0.61 5.60 1.63

Equality. . . ABV4 0.50 5.75 1.54

A world at peace. .. ABV5 0.73 591 1.31
Perceived behavioral control TPB 0.935
Itis easy to take action. .. APBCH 0.96 3.36 1.53

*It is difficult. . . APBC2 0.84 3.42 1.49

Egoistic values VBN 0.726
Wealth. .. ABV3 0.57 417 2.00

Influence. . . ABV6 Q.67 3.96 1.99

Authority. . . ABV8 0.94 3.87 2.02
Ascription of responsibility VBN 0.918
| feel responsible. . . AAR1 0.93 4.07 125

*I don't feel. . .responsible AAR2 0.89 4.09 1.19
Awareness of consequences VBN 0.825
...seas are under a real threat. .. AAC1 0.65 4.65 0.78

*If the diversity. . .diminished wouldn’t impact economy. . . AAC2 0.96 4.63 0.68
Subjective norms TPB 0.835
Most people. ... think | should support. . . ASN1 0.88 4.69 0.85

Most people. . .take action. . . ASN2 0.73 4.48 0.72

New ecological paradigm VBN 0.621
*The “ecological crisis” has been exaggerated ANEP4 0.96 4.57 0.75

Plants and animals have right. . . ANEP5 0.43 4.84 0.50
Personal norms VBN 0.685
We should protect. .. APN1 0.67 4.84 0.50

*We should think about the economic. . . and then about environment APN2 0.82 4.25 0.65

*Reversed into a positive statement for analysis. VBN, value, belief, norm theory (Schwartz and Howard, 1981); TBR, the theory of planned behavior (Ajzen, 1991).






OPS/images/fmars-08-732637/fmars-08-732637-t003.jpg
Model Name Fitting 1950-1996 Prediction 1997-2013
No Vs Total SS AlCc Total SS SS non-fisheries
M1 Baseline 0 827 123 372 372
M2 Baseline 2 821 122 374 374
M3 Fishing + constant PPR 0 2,256 808 15,168 9,622
M4 Fishing + constant PPR 45 743 -233 547 421
M5 Fishing + PPR-proxy 0 17,880 2,932 77,290 48,427
M6 Fishing + PPR-proxy 35 756 -239 512 402
M7 Fishing + constant PPR + CapM-proxy 0 1,680 506 11,683 7,607
M8 Fishing + constant PPR + CapM-proxy 53 526 -568 352 288
M9 Fishing + PPR-proxy + CapM-proxy 0 17,441 2,907 73,987 46,536
M10 Fishing + PPR-proxy + CapM-proxy 26 640 -428 344 289

Models were fitted to time series for the period 1950-1996 for biomasses, fishing mortalities, fishing effort, and catches and estimating vulnerabilities (V) by the step-wise
fitting routine. Time-series for environmental drivers include a series with constant phytoplankton primary production (constant PPR), a series with phytoplankton primary
production driven by the ice-cover and open water area (PPR-proxy), and a capelin (0-2) mortality proxy (CapM-proxy). Sum of squares (SS) for the period 1997-2013
was calculated to test the prediction ability of the models fitted for the earlier period. Sum of squares shown in bold for baseline models are calculated for only non-fisheries
data and are not comparable to SS for model M3-M10 calculated for all data. SS, sum of squares calculated for model output and time-series observations; AlCc, Akaike
Information criterion.
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Constructs Theory Survey code Factor
1 2 3 4 5 6 7 8 Mean sD Cronbach’s alpha
Ascription of responsibility VBN 0.917
feel responsible. . . BAR1 0.88 412 1.14
*I don't feel. . .responsible BAR2 0.93 4.21 147
Perceived behavioral control TPB 0.952
tis easy to take action BPBC1 0.99 3.61 1.53
*It is difficult. . . BPBC2 0.89 3.53 1.46
Biospheric and altruistic values VBN 0.772
Respecting the earth. BBV1 0.41 5.91 1.31
Unity with nature. .. BBV9 0.65 5.71 1.37
Equality. .. BBV4 0.81 5.61 1.64
A world at peace. . . BBV5 0.43 6.14 1.42
Awareness of consequences VBN 0.777
...seas are under a real threat. .. BAC1 0.72 4.68 0.66
*If the diversity diminished. wouldn’t impact. economy BAC2 0.89 4.82 0581
Egoistic values VBN 0.596
Wealth. .. BBV3 0.64 3.84 2.20
Influence BBV6 0.49 4.82 2.04
Authority BBV8 0.62 4.02 2.02
Personal norms VBN 0.643
We should protect. .. BPN1 0.41 4.77 0.47
*We should think about economic. . .and then about environment BPN2 0.97 4.48 0.76
Subjective norms TPB 0.549
Most people. think | should support. . . BSN1 0.57 4.75 0.55
Most people. . .take action BSN2 0.76 4.66 0.59
New ecological paradigm VBN 0.512
*...the ecological crisis” has been exaggerated BNEP4 0.67 4.64 0.48
Plants and animals have. .. right. .. BNEP5 029 4.89 0.31

*Reversed into a positive statement for analysis. VBN, value, belief, norm theory (Schwartz and Howard, 1981); TBR, the theory of planned behavior (Ajzen, 1991).
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Indicator name and units

Total biomass (g C m=2)

Total production (g C m~2 year—1)
Total consumption (g C m~2 year™1)
Ecosystem production/biomass
Kempton diversity index Q

Transfer efficiency (%)

Trophic level (TL)

Mixed trophic impacts of group (MT)
Total impact of group

Ecosystem production/biomass of
harvested groups

Total catch

Trophic level of catch (TL.)

Gross efficiency of fisheries (%)

Catch as proportion of production
[Exploitation rate (Y/P) = annual
catch/production]

Catch/Biomass ratio [Fishing mortality
(Y/B) = catch/biomass, year~]

Type

Composite
Composite
Composite
Composite
Composite
Trophic
Trophic
Trophic
Trophic
Fishery

Fishery
Fishery
Fishery
Fishery

Fishery

Level

Ecosystem
Ecosystem
Ecosystem
Ecosystem
Ecosystem
Ecosystem
Funct. group
Funct. group
Funct. group
Ecosystem

Ecosystem
Ecosystem
Ecosystem
Funct. group

Funct. group

Indicator type is categorized into; composite (expected to indicate both trophic and
fishery effects), trophic (expected to indicate trophic effects), and fishery (expected

to indicate fishery effects).
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Aggregated compartment

Polar bear
Whales

Seals
Birds

Cod
Other demersal and benthic fish

Pelagic and mesopelagic fish

Carnivore zooplankton and
invertebrate nekton

Other herbivorous zooplankton
including copepods

Kerill

Mikrozooplankton and HNAN
Shrimps

Predatory benthic invertebrates

Detritivorous benthic invertebrates

Benthic meiofauna and
Foraminifera

Bacteria

Phytoplankton

lce algae

Macroalgae

Expanding crab groups
Detritus

Ecopath groups within the aggregated compartment

(1) Polar bear

(2) Minke whale, (3) Fin whale, (4) Blue whale, (5) Bowhead, (6) Humpback whale, (7) White whale, (8) Narwhale, (9) Dolphins,
(10) Harbor porpoise, (11) Killer whales, (12) Sperm whale

(13) Harp seal, (14) Harbor seal, (15) Grey seal, (16) Ringed seal, (17) Bearded seal, (18) Walrus

(

19) Northern fulmar, (20) Black-legged, (21) Other gulls and surface feeders, (22) Little auk, (23) Brunnich guillemot, (24)
Common guillemot and razorbill, (25) Atlantic puffin, (26) Benthic piscivore birds, (27) Benthic invertebrate feeding birds

(29) Northeast Arctic cod (3+), (30) Northeast Arctic cod (0-2), (31) Coastal cod (2+), (32) Coastal cod (0-1)

(28) Greenland shark, (33) Saithe (3+), (34) Saithe (0-2), (35) Haddock (3-+), (36) Haddock (0-2), (37) Other small gadoids, (38)
Large Greenland halibut, (39) Small Greenland halibut, (40) Other piscivorous fish, (41) Wolffishes, (42) Stichaeidae, (43) Other
small bentivorous fishes, (44) Other large bent invertebrate feeding fish, (45) Thorny skate, (46) Long rough dab, (47) Other
benthivore flatfish, (59) Large redfish, (60) Small redfish

(48) Large herring, (49) Small herring, (50) Capelin (3+), (51) Capelin (0-2), (52) Polar cod (2+), (53) Polar cod (0-1), (54) Blue
whiting, (565) Sandeel, (56) Other pelagic planktivorous fish, (57) Lumpfish, (58) Mackerel, (61) Atlantic salmon
(62) Cephalopods, (63) Scyphomedusae, (64) Chaetognaths, (67) Ctenophora, (68) Pelagic amphipods

(69) Symphagic amphipods, (70) Pteropods, (71) Medium sized copepods, (72) Large calanoids, (73) Small copepods, (74)
Other large zooplankton, (75) Appendicularians

65) Thysanoessa, (66) Large kil
76) Ciliates, (77) Heterotrophic dinoflagellates, (78) Heterotrophic nanoflagellates (HNAN)

81) Other large crustaceans, (82) Crinoids, (83) Predatory asteroids, (84) Predatory gastropods, (85) Predatory polychaetes,

(
(76)
(79) Northern shrimp (Pandalus borealis), (80) Crangonid, and other shrimps
®1)
(86) Other predatory benthic invertebrates

(

87) Detrivorous polychaetes, (88) Small benthic crustaceans, (89) Small benthic molluscs, (90) Large bivalves, (91) Detritivorous
echinoderms, (92) Large epibenthic suspension feeders, (93) Other Benthic invertebrates

(94) Meiofauna, (96) Benthic foraminifera

(95) Bacteria
(97) Diatoms, (98) Autotroph flagellates

(99) Ice algae

(100) Macroalgae

(101) Snow crab, (102) Large red king crab, (103) Medium sized red king crab, (104) Small red king crab
(105) Dead carcasses, (106) Detritus from other sources, (107) Detritus from ice algae, (108) Offal

Functional group numbers are shown in brackets.
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Adapting behavior Emotional valence - specific emotions Coping behavior Emotions

Entering or re-enter the fishery Positive — relief, enjoyment, hope, love Intensifying effort Positive — enjoyment, love, pride
Negative — anger, fear Negative — frustration, discomfort, fear
Making major investments Positive — pride, excitement Extensifying effort Positive — excitement
Negative — fear, discomfort, anger, greed Negative — fear, discomfort
Temporary or permanent exiting Positive — relief Minor investments Positive — pride, relief

including outmigration
Negative — sadness, discomfort, and fear

Individual and political action Positive — pride, hope Compliance (reporting and Negative — frustration, anger
landing illegal by catch)

Negative — frustration, anger

Taking governmental programing Positive — relief, hope Negative — frustration Calling DFO and FFAW to Positive — pride
comment on management

Negative — frustration, anger, hate

Diversifying employment Positive — hope, relief
Negative — discomfort, fear

Claiming employment Positive — relief

insurance

Negative — embarrassment, sadness
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Adapting behaviors

Entering or re-entering the
fishery fulltime

Investing in the fishery (in
licenses or boats)

Exiting the fishery (the inshore
fishery or as a fisher)

Outmigration (temporarily)

Taking advantage of
governmental programing (i.e.,
experimental fisheries,
retraining programs, or
buyback programs)

Coping behaviors

Intensifying effort (i.e., fishing hard, fishing
longer)

Extensifying effort (i.e., increasing range or
going into different fishing grounds)
Choosing to fish more difficult species in
portfolio in existing licensing (e.g., scallop)
Not complying with discarding, landing, and
reporting rules

Minor investments in gear, repairs,

and material

Diversifying work outside the fishery

Collecting employment insurance or waiting to
collect old age pension Participating in
individual or collective action (e.g., legal action,
protesting)
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Aspects

Age

Gender

Interview

Number of years fishing
Employment status
Role

Sample Characteristics

41 to 88, range; 56 average

21 men; 5 women

17 conducted individually; 4 household (i.e., 4 pairs)
6 to 68 years, range; 34 years, average

24 active; 2 retired

23 owner-operators; 3 crew
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Adapting
behaviours

Emotional valence
and self-reported
emotions

Examples with quotation

Making major
investments (10
IFs)

h

Positive - pride,
exitement,
relief, hope (4
IFs)

Avoiding
negative - fear,
discomfort (6
IFs)

IF13 discussing how he invested
in a license to be an owner and
feel independent: "My first time
back on the water as an owner
felt great. I came from offShore
fishing and wanted to be
independent, be my own boss.”

Negative -
frustration, hate,

Subjective

well-being

Individual and
collective political
action (7 IFs)

anger (5 IFs)

IF14 on avoiding buying a new
license because of fear of too
much debt, "I sold [a license]
instead of buying a new one. I

was scared we would lose
everything"

.

IF16 discussing how they needed
to protest to show DFO how
frustrated IFs were, “sometimes
you gotta do something; I think
we have been way too soft. We
are frustrated™.

Entering the
fishery (9 IFs)

it

(2 IFs)

\ v
Positive - pride

IF5 on suing the FFAW, “we
thought we would lose. We were
proud of the trouble we caused”

Negative re:
prospective
entering - anger,
fear (6 IFs)

”

IF12 angry about the prospective
entry of his son, "If my son, who
loves fishing, wanted to go full
time, I would get a stick and beat
itout of him.”

Positive - relief,
enjoyment,
hope, love (3
IFs)

\.

IF11 on re-entering for the love of
fishing: "I loved fishing and
jumped at the chance™ to re-enter.
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While completing
school or other
work (9 IFs)

Periodically
through
professionalization
(4 IFs)

. J/

Once throughout
their careers (7 IFs)

More that once
throughout their
careers (3 [Fs)

New licence
(11 IFs)

Entering
full-time slowly
(=5 years) (13
IFs)

Exiting and
re-entering (10
IFs)

Materials to build
their own vessels
(9 IFs)

N— —

Retired by selling
enterprise (1 IF)

(— . ) One or two
New vessel . ma{or P
(4 IFs) investments (
IFs)
e
( N

Exiting (1 IF)

Relational
well-being
pathway
(13 IFs)

i

Opportunistic
intensification
of effort (approx.
3-5 umes
annually) (11
IFs)
~——
N

Opportunitistic
extensification
of effort (13 IFs)
| S —
T ———

Annual minor
investment (13
IFs)
N~—
r——
Sustained
reliance on
employment
insurance or
Incomes
assistance
programs (13
IFs)

Spending more
time on the water
(11 IFs)

p

Setting more
capture gear (10
IFs)

\

Trying different
fishing grounds (9
IFs)

Annual species
switching (13 IFs)

In gear, repairs, or
materials (13 IFs)

S —

Diversifying
income (8 IFs)

Periodic
non-compliance
(10 IFs)

During cod
moratorium
(TAGS program)
(13 IFs)

During
downtums with
one or more
species (10 IFs)

Periodic reliance
during
downtums (3 IFs)

S —
Non-fisheries
work in
Newfoundland
(5 IFs)

G —
Qutside of NL (3
IFs)

)
TN

Underreport
(difficulty with

logbooks) (6 IFs)
———

Landing
restricted
byctach (8 IFs)
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Perceptions of
uncertainty and change

y

Subjective well-being

Definition - goalsrelated to

Material well-being

Definition - goalsrelated to wealth,
assets and resources (White 2008)

Examples - 'to make money'or ‘catch
morefish', and 'to getout of debt’

Adapting behaviour

Definitions - long-term change in
action to create new opportunities
(Smitand Wandel2006)

Examples - entering or exiting the
fishery, and major investments g

identity, emotions, feelings, and

l

satisfaction (White 2008)

Examples - 'hated’or "loved
fishing, and Tdid this to feel..."

Relational well-being

Definition - goalsrelated to friends,
families, and other networks of car,
love, and support (White 2008)

Examples - 'to spend time with my
sons’, 'be part of the community’, and

Coping behaviour \ 4

Definitions - short-term change in
action to pursue the same
opportunities (Molleret al. 2019 )

Examples - fishing harder and
longer, non-compliant action,

Individual and
fisheries outcomes

' ‘be with family' claiming unemployment
T
Emotional valence 1
D - -an = ﬁ°f Emotions
positive or negative emotions Definition - self-reported representations of affective
(Shuman etal. 2013) states (Cowen and Keltner 2017)
Examples - felt good'or felt Emotions and examples

frustrated'

Affect

po o= -

Perceptions

Definition - beliefs and
observations changing
information (Lynn etal. 2015)

Examples - ‘we did not know'or
‘we were certain’

Hope - ffor higher quotas'or for higher catches'
Love - 'of fishing'or being with family'

Pride - 'of catches’, ‘new boat', or 'of family'
Excitement - 'about good catches'

Enjoyment - feel free on the water'

Relief- being back on the water'or 'strong quotas’
Anger- ‘about closures', ‘quota decreases’

Hate - 'of FEAW', 'of DFO), or 'of seasickness'
Fear- leaving the community'

Discomfort - fishing further away from port'or 'fishing
Jamily'
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World Markets [RCP
8.5, SSP5]

National Enterprise
[RCP 8.5, SSP3]

Global Sustainability
[RCP 4.5, SSP1]

Local Stewardship [RCP
4.5, SSP2]

MPAs*

Wind*

Others

Access to waters from
other nations*

Connectivity

Surface increase
compared to 2016

Co-use

Production (in GW)
compared to current

Surface increase
compared to 2016

Co-use

Others - military

Others - shipping

Yes

No connectivity

With food supply
(except bottom contact
gears)

x23

x45 to x70

With fishing and
aquaculture

Used less intensely

Use of Northern route

No

No connectivity

With food supply
(except bottom contact
gears)

x12.5

x15 to x25

No

Used more intensely

Use of Northern route

Yes, under
sustainability conditions

International network
x2.5

No co-use in 70% of
areas, with wind energy
in 30%

Xx63

x85 to x130

With nature areas 90%,
aquaculture and
passive gear fishing
10%

Decrease in number of
areas

No change

Yes, but focus on local
production

National network
x5

No

x33

x30 to x45

With fishing

Used more intensely

No change

The increase in offshore wind surface depends on the power density of farms. MPAs, marine protected areas; GW, Giga Watts. The symbol “*” indicate aspects included
in the scenarios used in bioeconomic projections for the North Sea flatfish fishery.
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Level of Resilience features Description
resilience
Individual Local Knowledge Fishing community members knew adjusting dietary needs
by maximizing extracted vegetable consumption under
shocks and stresses
Communication skill Greater communication with community members and
institutions helped overcome shocks and stresses
Family support Family support enhanced adaptability to the shocks and
stresses posed by the pandemic and fishing ban
Formal education Community members with formal education were updated
with the country situation (i.e., pandemic and fishing ban)
through social media (e.g., Facebook)
Psychological Respondents sought psychological counseling from their
counseling friends and relatives to relieve mental stress
Friendship Friendship with neighbors helped to borrow money during
financial stress
Household Livelihood Income-generating skills other than fishing, such as labor
diversification work, farming, and livestock rearing, ensured money flow
Access to materialistic Community members’ access to ponds, farms and land
resources provided financial security
Relationship with Receiving loans from mohajan (boat owner) or dadon
informal money lenders (money lenders) provided financial support
Women’s role in income Women engaged in income-generating activities (e.g.,
generation home farming, sewing, and cattle rearing) contributed to
household expenditure
Women’s role in Women played a role in adjusting meals and other sorts of
adjusting consumption consumption (e.g., buying clothes) within households to
limit expenses
Network of support Households received support from the person with same
religion and/or relative or neighbors
Access to fisher Fishers with identification cards only received government
identification card support during the fishing ban period
Access to financial Community members’ access to formal financial institutions
institutions (e.g., bank account and deposits)
Kinships Bonding with neighbors and relatives and food sharing
practice provided food security
Community Community cohesion Networking with community members provided an

Formal institution

Leadership

Voice

opportunity to do collective works, such as shared fishing,
pond farming, and agriculture

Fishers involved with Motsho Somiti (fishers association)
received advantages in solving local issues (i.e., lower
wages)

Community members lacked leadership skills. Thus, they
relied on government or NGOs’ representatives to help
Community members who had power (i.e., strong
institutional connections and boat ownership) could only
express their needs
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World Markets National Global Local Source
[RCP 8.5, SSP5] Enterprise [RCP Sustainability Stewardship
8.5, SSP3] [RCP 4.5, SSP1] [RCP 4.5, SSP2]
Political Exploitation level* 80% of MSY 110% of MSY 60% of MSY MSY Exploitation Expert judgment and
Exploitation level Exploitation level Exploitation level level literature
Allocation of fishing Maintain relative Zonal attachment Maintain relative Zonal attachment Expert judgment
rights stability (initially) stability (initially)
Tradability of fishing Unrestricted No trading Limited to Limited to national Expert judgment
rights® sustainable trade
practices
Marine spatial planning® See Table 2 See Table 2 See Table 2 See Table 2 Based on Matthijsen
etal. (2018)
Seasonal closure No change, market Lengthened locally No change, No change, Stakeholder
flooded with cheap to benefit fully from spawning/growth spawning/growth consultation in the
fish higher resource phenology not too phenology not too Mediterranean Sea
availability modified modified
Economic Fuel price'™ + 2.59% +2.89% [ + 1.33%; + 2.59% +2.61% [ + 1.06%; See Pinnegar et al.
[+1.04%; +4.16%) + 4.47%] [4+1.04%; +4.16%) + 4.18%] (2021) for details
Fish price'* +1.57% +1.67% + 1.33% +1.64% [ + 0.91%; See Pinnegar et al.
[4+0.84%; +2.31%) [+0.94%; +2.41%]  [+0.60%; +2.06%] + 2.37%] (2021) for details
Social Labor International labor Local and International labor Local and fairly paid Pinnegar et al. (2021)
force, as cheap as maintained as high force: ethical wages
possible as possible
Type of fishing Multinational Owner operated Cooperatives Cooperatives — Stakeholder
companies companies with companies — limited vertical integration consultation in the
pseudo monopoly foreign investment to local market North Sea
Technological Fuel efficiency” —75% —37.5% —75% —37.5% EU targets
Selectivity/survival of No change No change Important increase Moderate increase Expert judgment
discards
Catch efficiency Important increase Moderate increase No increase No increase Expert judgment
Ecological Stock distribution* RCP 8.5 RCP 8.5 RCP 4.5 RCP 4.5 Bio-physical models
Stock productivity RCP 8.5 RCP 8.5 RCP 4.5 RCP 4.5 Bio-physical models
Fish quality RCP 8.5 RCP 8.5 RCP 4.5 RCP 4.5 Bio-physical models
Legal Landing obligation Replaced by fully Meaningless due to Fully implemented Fully implemented Stakeholder
documented De minimis consultation in the
fisheries exemptions North Sea
Nature protection* MPAs combined MPAs combined Large international National network of (Matthijsen et al., 2018)

with other activities

with other activities

network of MPAs,
co-use with
windmill

MPAs

Scenarios were for the period between 2016 and 2050. WM, World Market; NE, National Enterprise; GS, Global Sustainability; LS, Local Stewardship. The symbol **”
indicate elements included when scenarios applied to bioeconomic projections made for an example case study (the North Sea flatfish fishery). 1 Annual increase rate
[low range; high range].
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Shock and stress

Description

Main level affected

H
Shock Fishing restriction* Fishing was prohibited during the
COVID-19-related lockdown and 65-day fishing
ban
Income reduction Fishers’ income reduced, and they experienced X
income shock
Fish market disruption Fish market was disrupted due to the
COVID-19-related restrictions
Debt* Fisher families borrowed money from relatives, X
neighbors, nearby shopkeepers, or NGOs.
Respondents mentioned being in debt
Unequal access to Relief (e.g., rice) was not equally accessible to X
relief all the fishers
Reduced fish price Fish price decreased due to the restriction in
traveling and transportation
Decreased amount of In 2020, the amount of fish caught decreased
fish after the fishing ban period. However, in 2019, it
increased
Stress Fishers’ authenticity Fishers need identification cards to get
government relief during the fishing ban period.
However, receiving this card needs paper
works; thus, some fishers did not have that
card
lllegal fish catch by llegal fish catch by intruders from other
intruders countries during the fishing ban period
Lack of skill Fishers and their family members lack X

Mental stress

income-generating skills other than fishing. In
most cases, they solely depend on fishing to
earn a livelihood

Respondents faced frustration, anxiety, and
reduced sleep due to the changes caused by
the pandemic and fishing ban

Cross signs (x) in the columns indicate the main level affected; |, individual; H, household; C, community. Stresses turned into shocks in the present scenario are marked

with asterisk signs.
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Estimate
(Intercept) 2.754
Socioeconomic condition —0.959
Resource management 0.703
Ecological outcome 0.217

Model AIC = 151.49, Pr(>| z|) = the p- value corresponding to the z-statistic, Cls, confidence intervals for the coefficient estimate.

statistically significant and emphasized as bold.

Std. error

2.939
0.543
0.323
0.338

z value

0.937
—1.768
2177
0.641

Pr(> | 2|)

0.349
0.077
0.030
0.522

Cls 2.5% Cls 97.5%

—2.82 8.77
—2.09 0.05

0.09 1.36
—0.45 0.89

Values under <0.05 are considered
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Estimate
(Intercept) —2.172
Socioeconomic outcome —0.464
Resource management 0.619
Ecological outcome 1.108

Model AIC = 136.83, Pr(>| z|) = the p-value corresponding to the z-statistic, ClIs, confidence intervals for the coefficient estimate.

statistically significant and emphasized as bold.

Std. error

3.006
0.522
0.334
0.391

z value

—-0.722
—0.889
1.850
2.831

Pr(>| z|)

0.470
0.374
0.064
0.005

Cls 2.5%

—8.05
—1.656
—0.02

0.37

Cls 97.5%

3.85
0.51
1.30
1.92

Values under <0.05 are considered
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Estimate Std. error tvalue Pr(>]|t|)

(Intercept) 125.26 36.31 345 0.001*
Hilsa fishing gear only 34.27 29.51 1.16  0.253
Experience of fishing (year) 5.89 1.71 3.45 0.001*
Power of boat 0.57 0.38 149 0.143
Schooling as primary education —53.66 29.01 —-1.86 0.072
Schooling as secondary education — —27.54 65.12 —-042 0.675

Adjusted R2: 0.49, BIC: —19, F-statistic: 9.485, and DF: 40, p-value: 5.049e-06.
Signif. codes: 0.001 “**".
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Estimate  Std.error  tvalue Pr(>| t)

(Intercept) —101.22 64.53 —-1.57 0.120
Age 5.42 1.39 3.91 0.000***
Schooling up to 5 years 32.09 28.24 114 0.259
Schooling up to 10 years 199.72 49.55 4.03 0.000***
No of crew in the fishing trip 12.60 3.32 3.79 0.000***
Power of boat —1.08 0.38 —2.87 0.005**

Adjusted R?: 0.31, BIC: —16, F-statistic: 9.286, and DF: 87, p-value: 4.095¢-07.
Signif. codes: 0 “**” 0.001 “**".
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Key definition

Integrated complex systems that
include social (human) and ecological
(biophysical) subsystems in a two-way
feedback relationship (Berkes, 2011).

Integrated adaptive management
approach to help marine managers
consider trade-offs to protect and
sustain diverse and productive
ecosystems and the services they
provide. Informed by science, it
incorporates the entire ecosystem,
including humans, into management
decisions (FAO, 2003; Marshall, 2012).

Approach that links planning,
decision-making, and management
arrangements across sectors in a
unified framework, to enable a more
comprehensive view of sustainability
and the consideration of cumulative
effects and trade-offs

(Stephenson et al., 2019).

A public process of analyzing and
allocating the spatial and temporal
distribution of human activities in
marine areas to achieve ecological,
economic, and social objectives that
have been specified through a political
process (Douvere, 2008).

A system of rights and obligations for
those with a shared interest or stake in
aresource (e.g., fishery). A collection of
rules indicating actions that different
actors (e.g., state and community) are
expected to follow (e.g., compliance
with quotas). Procedures through which
to make collective decisions
(Osherenko, 1998).

In order to protect the environment, the
precautionary approach shall be widely
applied by States according to their
capabilities. Where there are threats of
serious or irreversible damage, lack of
full scientific certainty shall not be used
as a reason for postponing
cost-effective measures to prevent
environmental degradation.

Scope of consideration

- Gives equal attention to the social and the ecological
system and the interlinkages between them.

- Links with ecosystem services (Daily, 1997; Partelow
and Winkler, 2016), resilience (Berkes and Folke, 1998),
and other environmental governance theories (Folke

et al., 2005; Cox et al., 2016).

- Aims to balance human activities and environmental
stewardship in a multiple-use context

(Smith et al., 2017);

- Has evolved to be fully inclusive of ecological, social,
economic, and governance considerations and
inherently recognizes coupled social-ecological systems
with stakeholders involved in an integrated and
adaptive management process where decisions reflect
societal choice.

- Encompasses the interconnectedness of natural
systems, human systems, and management

(Bernal, 2015),

- Emphasizes practical management of multiple sectors
to achieve diverse objectives,

- Brings together relevant actors from government,
business, academia, and civil society from the entire
spectrum of ocean-related human activities

(Winther et al., 2020).

- Recognizes the legal, political, economic, and
ecological complexity of ocean governance

(Ehler and Douvere, 2009),

- Should entail a cyclical and iterative approach
incorporating new information over time and adapting
its objectives and measures according to the evolution
of the socio-ecological system.

- Requires sharing of power and responsibility between
government and local resource users

(Berkes et al., 1991);

- Draws attention to numerous applied and
policy-orientated attributes:

1) ensuring the engagement of a diversity of actors that
are relevant, appropriate, and connected to the primary
issues of concern;

2) creating an accessible process for deliberation and
decision making in terms of space, timing, neutrality
and the language used;

3) linking actors vertically and horizontally;

4) recognizing that co-management is a long-term
process and that there is ample evidence it takes a
decade or more to actually develop;

5) highlighting the importance of learning and the need
to learn through complexity;

6) encouraging the establishment of a legal foundation
for co-management as opposed to voluntary notions of
engagement.

- Calls for proactive measures to be taken where there
is scientific uncertainty on the environmental impacts of
proposed activities or use of the environment;

- Aims to ensure environmental protection through
taking early actions and preventing environmental risks
at an early stage, even when scientific uncertainties
about the risks remain (Trouwborst, 2007);

- Provides critical guidance for making environmental
decisions under uncertainty (Peel, 2005).

Primary applications

Evaluation of community-based systems such as
conflict and collaboration in situations including:

- Irrigation systems (Hoogesteger, 2015;

McCord et al., 2016),

- Small-scale fisheries (Blythe et al., 2017; Silvia et al.,
2017; Partelow et al., 2018),

- Forestry (Fleischman et al., 2010; Oberlack et al.,
2015; Davenport et al., 2016)

- First implemented in the management of terrestrial
parks (Grumbine, 1994);

- Started to be considered in the marine world during
the 1990s, epitomized by:

Canada’s Oceans Act South Africa’s Marine Living
Resources Act and Australia’s Ocean policy.

- Written into the common fisheries policy and has been
implemented as the Marine Strategy Framework
Directive (Europe) (ICES, 2005; EU, 2008).

- Integrated Management of the Australian NSW Marine
Estate (Brooks et al., 2020)

- Integrated Management for the Barent’s Sea

(Olsen et al., 2016)

- Integrated Management Plan for the North Sea

- Pacific Coast: Marine Plan Partnership for the North
Pacific Coast

- Integrated Management of the Canadian North.

- It was first stimulated by international and national
interest in developing marine protected areas (MPAs),
such as the Great Barrier Reef Marine Park (Australia)
(Douvere, 2008).

- Currently, approximately 80 countries have
implemented MSP in some form:

- Belgium, Germany, the Netherlands, Norway, China,
and Belize (where MSP covers the majority of the
maritime space), and

- United States, Canada, and Croatia (where MSP is in
place just for a particular area under national
jurisdiction).

- There are numerous descriptions of co-management
in the literature, in wildlife, forests, parks and fisheries
and ocean:

- The Bolt Decision in Washington State, USA, in the
1970s,

- Canada’s Arctic starting from the late 1970s
(Pinkerton, 1989; Armitage et al., 2007),

- The Gwaii Haanas Land-Sea-People plan which
establishes a cooperative agreement between the
Haida Nation and the federal government (Canada)
(ParksCanada, 2018).

- Environmental protection of the North Sea in the
1980s (deFur and Kaszuba, 2002),

- The North Pacific Fishery Management Council in the
United States in the new Fishery Management Plan for
Fish Resources of the Arctic Management Area (2009)
(NPFMC, 2009).

- The Protocol to the London Convention on ocean
dumping (1996);

- UN Sustainable Fisheries Resolution 61/105 in
December 2006 and the International Guidelines for the
Management of Deep-Sea Fisheries on the High Seas
(2008).

Further information is provided in Supplementary Information File S1 (Available online at: https.//www.frontiersin.org/articles/10.3389/fmars.202L.630547/full#
supplementary-material).
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Attributes

Age (year)

Schooling

Fishing as main occupation

Fishing experience (year)
Member of association

Access to bank credit
Assistance from government
Boat length (m)

Number of crew in operation
Power of boat (HP)

Fishing gear

Monthly income (USD)

Category

No education
Primary education
Secondary education
No
Yes

No
Yes
No
Yes
No
Yes

Miscellaneous
Hilsa gears

Crew (+SD)

36.49 (£9.20)
44.60%
17.99%
4.32%

2.16%
64.75%

16.29 (+8.38)
51.80%
15.10%
52.52%
14.39%
33.09%
33.81%

44.84 (+11.80)

14.39 (+4.20)

62.47 (36.89)
21.58%
45.32%

232.13 (£133.38)

Majhi (+SD)

41.30 (+£9.18)
22.30%
9.35%
1.44%
0.00%
33.09%
21.80 (£9.37)
15.83%
17.27%
17.99%
15.10%
9.36%
23.74%
46.57 (£20.90)
13.52 (5.04)
62.11 (+£41.53)
13.67%
19.43%
292.71 (£117.51)

Overall mean (+SD)

38.09 (+9.44)
66.90%
27.34%

5.76%
2.16%
97.84%

18.12 (+£9.07)
67.63%
32.37%
70.50%
29.50%
42.45%
57.55%

45.41 (+15.36)

14.10 (+4.50)

62.35 (:38.33)
35.25%
64.75%

252.18 (+131.07)
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Sustainability objectives from literature which
recognize these aspects

Examples in UN SDG Targets*

Examples from International agreements

Ecological

1. Productivity and trophic structure’ (including
considerations such as population structure and
the maintenance of ecological processes that
support trophic structure)

2. Biodiversity (including species diversity, size
diversity, and genetic diversity)'

3. Habitat and ecosystem integrity (including
consideration of natural ecosystem services,
vulnerable ecosystems, preservation of critical
habitats', ecosystem connections?, control of
invasive species, noise, contaminants, changing
sea dynamics, oxygen, eutrophication, and general
protection of the aquatic environment).

Economic

SDG 14 (life below water) including:
14.2 sustainably manage and protect
marine and coastal ecosystems to
avoid significant adverse impacts,
including by strengthening their
resilience, and take action for their
restoration in order to achieve healthy
and productive oceans 14.1 prevent
and significantly reduce marine pollution
of all kinds 14.3 Minimize and address
the impacts of ocean acidification
SDG 13 (climate action)

Maintenance of the ecological processes that support both
biodiversity and resource productivity® The coastal state. ..
shall ensure through proper conservation and management
measures that the maintenance of the living resources in the
exclusive economic zone is not endangered by
over-exploitation® Improve the status of biodiversity by
safeguarding ecosystems, species and genetic diversity?
States. . .should apply a precautionary approach widely to
conservation, management, and exploitation of living aquatic
resources in order to protect them and preserve the aquatic
environment®

Prevention, reduction, and control of pollution and other
hazards to the marine environment, including the coastline, and
of interference with the ecological balance of the marine
environment®

Achieve Good Environmental Status of EU marine waters:
“where these provide ecologically diverse and dynamic oceans
and seas which are clean, healthy and productive™

4. Financial value and viability' (emphasizing the
performance of individual/private operations)

5. Distribution of access and benefits'
(including allocation, equitable trading relationships,
equity and fairness in distribution of access and
benefits, and intergenerational equitabilityg)

6. Regional economic benefits' [including the
perspective of the place of fishing and other marine
activities within regional economic development
(employment, income, human capital, and labor) as
well as synergies with other sectors, such as
tourism, through the integration of regional
community resources]

7. Livelihoods' [ongoing continuity of employment
within the fishing (harvesting and processing) and
other coastal sectors]

SDG 8 (sustained, inclusive and
sustainable economic growth, full and
productive employment and decent
work for all)

SDG 14, including:

14.6 prohibit certain forms of fisheries
subsidies which contribute to
overcapacity and overfishing, eliminate
subsidies

14b provide access for small-scale
artisanal fishers to marine resources
and markets

14.7 increase the economic benefits to
small island developing states and least
developed countries from the
sustainable use of marine resources
SDG 10 (reduced inequalities)

SDG 5 (gender equality)

SDG 9 (industry, innovation, and
infrastructure)

States should. . .protect the rights of fishers and

fishworkers. . .to a secure and just livelihood?

Governance should ensure both human and ecosystem
well-being and equity®

Excess fishing capacity is avoided and exploitation of the
stocks remains economically viabled

States should develop. . . institutional and legal frameworks in
order to determine the possible uses of coastal resources and
to govern access to them taking into account the rights of
coastal fishing communities and their customary practices®

Social/cultural

8. Sustainable communities’ (including the
importance of the contribution of fishing and other
marine activities to the well-being of dependent
communities, social capital, informed citizenry, and
cultural heritage)

9. Health and well-being' (including working
conditions/occupational safety and general health
within a wider community context)

10. Ethical values' [including basic human
interests in welfare, safety, freedom and justice and
encompassing aspects of just access, the right to
food (food security) and food safety]

Institutional/governance

11. Obligations to law and Indigenous peoples
(including attention to cultures’, legitimacy, and
stability?)

12. Good governance structure (including
growing interest in collaboration, inclusiveness,
shared stewardship, and participation in
management', appropriate temporal and spatial
scales?, appropriate stakeholder and disciplinary
involvement?, adaptive management?, openness,
participation, transparency, accountability3)

13. Effective decision-making processes
(reflecting the need for democratic, participatory,
transparent, openly communicated, integrated,
structured decision-making?, use of best available
(scientific) knowledge?, recognition of coupled
social-ecological systems?, accounting for
uncertainty and the dynamic nature of
ecosystems?, efficiency, flexibility®, ability to
address conflicts/trade-offs and cumulative effects)

SDG 11 (sustainable cities and
communities)

SDSG 3 (good health/wellbeing)
SDG 12 (responsible
consumption/production)

SDG 16 (peace, justice, and strong
institutions)

SDG 14c enhance the conservation
and sustainable use of oceans and their
resources by implementing international
law as reflected in the United Nations
Convention on the Law of the Sea,
which provides the legal framework for
the conservation and sustainable use of
oceans and their resources

SDG 14.5 conserve at least 10% of
coastal and marine areas, consistent
with national and international law

SDG 14.4 effectively regulate harvesting
and end overfishing, illegal, unreported
and unregulated fishing, and
destructive fishing practices

SDG 16 + 17 (partnership for the goals)

...respect, preserve and maintain knowledge, innovations and
practices of indigenous and local communities embodying
traditional lifestyles relevant for the conservation and
sustainable use of biological diversity?

The requirement to satisfy human well-being (compatible with
ecosystem requirements) is central to the concept of
sustainable development, and it recognizes that uses can be
sustainable only if they are of value to human beings and
contribute to their well-being®

Improve human well-being and equity (Tech4:2)°

“Ethical” issues in fisheries include the basic human interests in
welfare, freedom and justice, and include aspects ranging from
ecosystem well-being and conservation through wellbeing and
just access, to equity, social efficiency, right to food and food
safety®

States should seek to identify relevant domestic parties having
a legitimate interest in the use and management of fisheries
resources and establish arrangements for consulting them to
gain their collaboration in achieving responsible fisheries®:!
Management agencies (... need to facilitate capacity building
and empower all stakeholders to ensure equitable participation®
States should. . .ensure that decision making processes are
transparent and achieve timely solutions to urgent mattersd:f
States. . .should facilitate consultation and the effective
participation of industry, fishworkers, environmental, and other
interested organizations in decision making with respect to the
development of laws and policies related to fisheries
management, development, international lending, and aidd

TStephenson et al., 2018; 2Long et al., 2015; Armitage et al., 2019; #United Nations, 2015. 2CBD, 2003; PFAO, 2003; °United Nations, 1995; 9FAQ, 1995; ¢FAQ, 2005;

TFAO, 1999; 9EU-MSFD, 2008.
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Conformity m Regulations should be reviewed keeping in mind the m There is a need for allowance during the off-season/fishing

community’s economic needs and can be further ban period.
synchronized with the conventional ways of maintaining the m Shortage of platforms for drying fish, restrooms along the
fisheries’ resources. river, and fish markets.

m There is a need to stop the operation of fishing trawlers or at m Ban over the use of concrete embankment for drying fish
least strictly regulate its frequency and area of operation. makes the DF processing messier and harder.

m Before the introduction of '61-day fishing ban period’ the
availability of fish was worse and therefore it led many fishers
to abandon the profession completely.

m Need the officials to supply government aid to the fishers via
the local Fishermen Association instead of passing it through
the Panchayat as the current process leads to an
unnecessary delay.

m Government officials do not realize the actual problems since
they do not go directly to the ocean for fishing.

Data are from semi-structured interviews, focus group discussions, and household surveys answered by small-scale fishers, dried fish producers, and members of
Fishermen Association of Sagar Island.
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Types of value

Attachment to place

Social cohesion

Influence

Social recognition

Tradition

Common beliefs linked to the values in SSF and DF production

Male

m Theisland is the motherland and part of one’s identity.

m Not being able to leave fishing without paying off the debt
owed to the moneylenders (aratdaar).

m Forced to stay in the profession due to lack of viable
alternatives.

m Lack of skills to shift business or location.

m The next generation is trapped through the vicious cycle of
debt.

m Fishing business owners are responsible for the livelihood of
workers and their families.

m “Boats are like agricultural lands for us.”

m “No other addiction more powerful than fishing.”

m Staying connected with community members like a family
despite the caste and religious differences.
m Supporting each other during need.

m Techniques to manage the fishing business are learnt from
parents through the childhood.

m No interest in having fishing trawlers due to huge
responsibilities it brings and its negative environmental
impact.

m The disbursal of fair wages to workers and taking care of
their families are the responsibilities of the fishing business
owners.

m Women are not brave enough to accompany husbands on
boats.

m In future, women will take a leading role in fisheries.

m Fishers lack the ability to socialize with the outside world.

m “We are like a colony which is almost non-existent to other
classes of society, and our existence does not matter to
them.”

m Issuance of biometric i-cards to coastal residents after many
people went missing in 1999 super-cyclone of Odisha.

m Fishing skills are learnt from parents through one’s childhood.

m The fishing business is considered a family tradition.

m Itis hard for the new generations to find a job in other
sectors despite being educated.

m There is a compulsion of getting into the fishing profession
due to financial hardships.

m Education provides a mean for one to choose any
profession.

m Fishing as a profession offers a basic job guarantee for
upcoming generations.

m There is uncertainty regarding the future of the fisheries.

Female

Attachment to the place because neighbors and co-workers
live and work beside each other.

Not being able to change land and profession because of
lack of education.

A promise made to the forefathers to continue with the
tradition [fishing] and stay in the motherland.

Fishing is a way of life and hence the place is indispensable.
Liability of paying back the full debt to local moneylender
(aratdaar) keeps a person attached to the place.

Learning skills related to fishing from co-workers is precious.
Maintaining a harmonious relationship with co-workers
alongside sharing family and work-related issues is a key
aspect.

Help and support each other during adverse situations.
There is no discrimination among fishing families.

Harder for women to go fishing due to the physical nature of
the job.

[For women] getting to lead the process of hiring women
laborers for dry fish processing is a satisfactory aspect.
There is a general fear about going to the water.

Women have a significant leadership role in rituals related to
Bonbibi.

Women lack the social ability to interact with outsiders.
The economic condition takes precedence over the
maintaining of social and mental wellbeing.

Hard to follow fishing as a profession for the younger
generations due to severe life and health risks involved.
Unable to choose a different career path due to lack of
education.

Involvement in DF production provides an opportunity for
younger women to socialize and learn.
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Commonalities
among
opportunities
between case
studies

Learn from past
experiences and
innovate

Embrace a
spectrum of
strategies to
enhance quality
and
appropriateness of
actor engagement

Build capacity of
local actor groups
for more effective
ICM

Opportunities (sub-themes
reorganized into new related
themes)

o New formal structures are needed to
facilitate ICM and improve the quality of
actor group engagement within
decision-making processes

e An authority that can bring all actor
groups together should lead and make
ICM a responsibility for actor groups

e Insights from similar cases which have
tried an innovative multi-actor
arrangement should be synthesized

e Successes, e.g., allow for trade-offs to
be more balanced among actor groups,
from unconventional combined
approaches should be shared and
celebrated

e Coastal communities need to be more
involved in ICM decisions and processes
e Actor groups want to be more actively
involved in determining their own future
and helping to achieve it.

e The type and timing of local actor
engagement depend on the local
context.

e Local actor groups can be better
organized to participate more effectively
in addressing environmental issues and
operationalizing ICM

e Actor groups have shown their ability
to be organized and influence in the past
e Local governments could help build
the capacity of local actor groups

Examples of
sub-theme
evidence

within themes

(Figure 3,
Round 2)

A, CD,E

A B, C,DE
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Types of value

Common beliefs linked to the values in SSF and DF production

Male Female

Benevolence It is impossible to continue the fishing business without each m Sharing social and financial issues with co-workers and
other’s help. neighbors is important.

Being rescued by fellow fishers while encountering a boat m Psychological relief of feeling attached and concerned
accident. toward each other’s lives.

Not feeling hesitant in informing each other about the urgent

need for help.

Helping each other emotionally and financially.

Wives not being interested in knowing the real economic

situation and hardships in the fishing business.

Moderation Not enough catch for a reasonable income. m Managing with not enough catch for dry fish business.
Being in continuous debt to local moneylenders (Aratdaar) is m Fish drying machine is abandoned due to scarcity of raw
frustrating and sometimes forces fishers to disobey material (fish).
regulations.

Fishing trawlers cause more damage than SSF activities.

Honesty llegal fishing nets with smaller mesh size than 90 mm are m Messy and unhygienic process of drying fish on sand since
sold and used in Hilsa (Tenualosa ilisha) season which leads drying them on concrete embankments (Chataal) is not
to the catching of immature Hilsa. permitted by the government.
Using mosquito nets to catch shrimps along the riverside m The land used for drying fish will eventually be usurped by
leads to harming of small fishes. private firms.
Need financial support from government especially during m Inability to use boats due to faulty dredging by government.
the ban period to ensure better compliance.
The compulsion to go to the ocean despite adverse weather
alerts out of economic necessities.

Self-esteem Proud to provide food and education for family members. m Feeling socially deprived due to lack of proper education.

Feeling disempowered due to lack of education and for
being considered misfit for non-fishing jobs.

Proud of one’s wife helping with the fishing business.
Self-dependence and self-reliance among women have
increased in recent times.

Women have a better understanding of their rights in society
and family than before.

Working independently without having an employer brings a
feeling of pride.

m Feeling of upliftment in social status in comparison to past
generations as previously women stayed restricted to
household chores with no contact to the outside world.

m Gaining the courage to interact with the outside world
through participation in the fishing business.

m Proud to contribute to family income.

m More self-dependent and self-reliant than before.

Data are from semi-structured interviews, focus group discussions, and household surveys answered by small-scale fishers, dried fish producers, and members of the
Fishermen Association of Sagar Island.
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Core ICM
characteristics

Definition

Examples of key
references

Formal structures
that span political
cycles

Meaningful
inclusion of
diverse actor
groups and
knowledge types

Innovative
mechanisms
(structures or
processes)

Legal basis for ICM through
policy instruments (i.e., laws,

acts, policies, regulations) (e.g.,

European Union Marine

Strategy Framework Directive)

Participation/engagement of

multiple heterogeneous actor

groups, perspectives and
knowledge (e.qg., cultural,
social, traditional)

Non-conventional ICM

mechanisms (e.g., structures or

processes) or conventional
mechanisms being applied

within the context of ICM (e.g.,

multi-actor structures,
integrative policies, advisory
groups, committees,
deliberative fora).

Olsen, 1996; Cicin-Sain

et al., 1998; Cicin-Sain and
Belfiore, 2005; Dickinson
et al., 2010; Taljaard et al.,
2011

Ehler, 2003; Burbridge,
2004; O'Boyle and
Jamieson, 2006; Dickinson
et al., 2010; Ehler and
Douvere, 2010;
Stephenson et al., 2019
Cicin-Sain, 1993; Arkema
et al., 2006; Dickinson

et al., 2010; Staples and
Hermes, 2012; Carvalho
and Fidélis, 2013
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Novelty m Not a lot of opportunities to be creative in the fishing m No scope for creative thinking while processing the fish as

business. one is so used to the conventional way of doing it.
m Different family members work on separate fishing boats to m Women working in social services who are dealing with
reduce risks related to life and income. pregnant women and children (e.g., Anganwadi: a type of
m Engaging in alternative small businesses or wage labor in rural childcare center) are more creative when it comes to
and outside the Island. education and health.
m Using mosquito nets to maximize fish catch. m Using the concrete embankment for drying fish makes the
m Employing family members to save labor cost. drying process easier.

m Using Styrofoam board (Shol) for fishing.

Data are from semi-structured interviews, focus group discussions, and household surveys answered by small-scale fishers, dried fish producers, and members of
Fishermen Association of Sagar Island.
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Participants Upper Bay (UB), Lower Bay (LB),
Nova Scotia New Brunswick

Academia 5 1

Private 2 8

Municipal authority 1 1

Federal authority 1 3

Provincial authority 6 4

First peoples authority or 3 1

organization

Non-governmental 4 5

organization

Resource user 1 1

Civil society 0 4

Total 23 28
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Types of value

Wealth

Spiritual wellbeing

Secure livelihoods

Hedonism

Common beliefs linked to the values in SSF and DF production

Male

High economic uncertainty due to unavailability of fish
leading to a reduction in dried fish production.

Economic loss and life risks have increased recently.
Family members going on separate boats increases chances
of profit.

Fishers’ inability to quit fishery linked to the debt owed to
moneylender (Aratdaar).

One must look for alternative options or part-time jobs.

It is now hard to catch fish even using smaller mesh size
nets.

Many fishers shift from the family business to wage labor
because of their inability to invest in fishing.

Performing Puja before each fishing trip is a must.
Psychological obstruction to catching fish because of
actions that could contradict the religion.

Enjoying life’s blessings despite economic hardships.
Worshipping Ganga Maa and wearing Maduli or Tabeez
provide protection.

Bad luck results from killing a mermaid

Need for spiritual counseling to relieve tensions from the
fishing business

Having trust in “Fate”- “bhagyo”

Fishers handle livelihood marginally.

Highly uncertain future because there is no other alternative
except fishing.

Family members working on multiple separate boats to
ensure an additional source of income.

Reliance on alternative small businesses (e.g., inland
aquaculture, growing paddy and vegetables) or labor jobs
(e.g., construction and digging soil) to secure income.
Quitting family business of fishing and entering wage labor
jobs to avoid further accumulation of debt.

High levels of tension and uncertainty in life are due to the
risks involved in fishing.

Feeling of fear and hatred toward water (sea) due to the
increasing loss of human lives.

One must enjoy fishing as a profession and going into the
water regularly.

Fishers remain worried that increasingly life-threatening
nature of fishing will eventually lead to discontinuation of it.
Fishers are happy to be in the same business (fishing)
alongside their family members.

Self-doubts and guilt caused by the realization that catching
and killing up of animals (fish) is against their religion.

The increasing practice of hiring others to go to the sea
instead of oneself.

Admiring the fact that the profession at least will provide
them with two-course of meal.

Instant happiness when a large amount of fish is caught.
Prolonged fishing leads to eyesight issues and hearing
impairment, malnutrition, and low blood pressure.

Female

m Increased competition among fishers due to higher number
of fishers and low availability of fish.

m Fishers’ livelihoods are becoming marginal.

m Kiling a mermaid affects fishers’ income.

m Overall economic status has improved than before.

m Worshipping Ganga Maa, wearing Maduli or Tabeez to
protect husbands and sons working in the sea.

m Praying to Ganga Maa for blessings of safety and good
fortune.

m The story of a mermaid is real, and the community had a big
puja for it.

m Lightning strikes only dark-skinned people in the sea.

m Sacrificing food to buy gemstones and Madulis.

m Women who participate in dry fishing have marginal income.

m Almost negligible impact of catching fish and shrimps in
smaller boats alongside riverbanks to the overall family
income.

m Daily wage labor jobs in different government programs such
as MGNREGA (Mahatma Gandhi National Rural Employment
Guarantee Act) provides decent income opportunity.

m Lack of any viable job alternatives in the region is a growing
concern.

m Increasing risks to fishers due to unpredictable cyclones and
thunderstorms.

m \Women become worried when they are not aware of the
health of family members working in the sea, as small boats
do not have accessibility to GPS, wireless or active
cellphones.

m There is an absolute need for monthly government allowance
for elders.

m Losing a family business can cause psychological disorders.

m One develops an interest in this profession after working for
sometimes.

m Psychological satisfaction for contributing to the income of
the family.

m The laborious task of fish drying and prolonged exposure to
sun and salt cause dehydration, headache, back pain, and
blisters on hand.

m Feeling of accomplishment in learning something new.

m The feeling of compulsion for continuing with fishing-related
chores.

m One extreme interest in dried fish production relates to their
involvement in it since childhood.

m Dried fish processing provides the opportunity to meet
others and share life experiences.

m The excitement involved in the possibility of making a huge
profit through a rare bounty catch.

m No women would be interested in pursuing this profession if
there were no livelihood challenges.
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Types of value

Common beliefs linked to the values in SSF and DF production

Male

Female

Ecosystem conservation [ ]

Remarkable reduction in the number of fish species,
especially Hilsa and extinction of other species over

Reduction in availability of fish per head due to an
increase in the number of fishers.

the past 10 years. m  Breakin the overall cycle of fish reproduction due to

m  Fish are not coming near the shore anymore due to fishing trawlers.
ecosystem destruction. m  Family members who work in the water are the source

m  The whole ecosystem is irreversibly destroyed by the of information about ecosystem services and changes.
dominance of fishing trawlers.

m  Fishing trawlers cause more damage than SSF
activities.

m  Fishers negatively impact fish regeneration by using
mosquito nets while catching shrimps.

m  Weather-related uncertainties and shifts in season-
cycle are the biggest challenges for SSF.

m  Industrial and plastic waste, aquaculture and
unwanted dead fish cause pollution in the water.

m  Loss of plants and trees cause land erosion impacting
the rivers and seaside.

Peacefulness m “The economic uncertainty” and “the need to work m  Everybody in the community is dealing with similar
together in harmony” are the most important traits of issues and fears in life.
fishing. m  Members are trying to help each other in common

m  When there is no scope for religious or caste problems instead of having disputes.
discrimination among people.

Equality m  The obligation of going deeper into the water for m  High dominance of trawling boats against local fishing
finding fish exists for everyone. boats in the area.

m  Fishery resources must be accessible equally to m  Need for a school closer to fish drying area so that kids
everyone on the island. stay in school while parents work.

m  There is unequal allotment of the fishing area to boats. m  Islanders need a bridge between Sagar Island and the

m  Inequality due to a decrease in local boats and mainland for transporting fish.
increase in fishing trawlers in the sea. m Members do not have enough money to repair their

m  Most of the local boats are short-lived due to fragile boats.
local wood. m  Monthly old age pension for seniors and allowance for

m  There should be reservation for fishers in jobs and "tiger widows (baghrobidhoba)’ should be delivered.
education through a quota system.

Freedom m  Rules and regulations should define when and where m Members should be free to work in any condition and
fishers need to fish; otherwise, their current situation any possible time for paying back the debt of local
could deteriorate further. moneylenders (Aratdaar).

m  The fishing territory of small boats is too limited with m  There should be freedom to fish due to an insufficient
low fish availability. amount of fish for processing.

m  Fishing trawlers enter the fishing territory of small boats
and sabotage the fish population and fishing
operations.

m  Thereis a need for allowance support during the
fishing ban periods.

m  Having freedom unlike the government or corporate
employees because of not being employed by
someone else for income.

Knowledge m  Knowledge is among those who are in direct contact m  Awareness /training programs offered by the marine
with nature and engaged in fishing. department are inaccessible due to their remote

m  Fishers engaged in small-scale fisheries know locations.
everything about ecology and their knowledge is no m  Historically, there has been a deficiency in the
less than what scientists know. infrastructure of education in the area.

m Most of the fishers are not privileged with proper m [tis easy for women to become educated nowadays
education. compared to the past.

m  Low rate of education, shy nature and lack of m  Lack of awareness and/or disinterest about the current
interaction with outsiders make women uninformed situation of fishing and livelihood owing to illiteracy and
and unaware. lack of social interaction among the family members;

m  Thereis a need for government awareness programs and also with the outsiders.

on protecting the fish ecosystem.

Data are from semi-structured interviews, focus group discussions, and household surveys answered by small-scale fishers, dried fish producers, and members of

Fishermen Association of Sagar Island.





OPS/images/fmars-08-652778/fmars-08-652778-g003.jpg
Round 1: Core ICM Round 2 : Strongest five Round 3: Common
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Characteristics

Age

Education

Boat ownership type

Categories

Young adults (20-39)

Middle-aged adults (40-59)

old adults (60-79)

lliterate

Primary education

Secondary education

Post-secondary education

No boat

One motorized boat (2-cylinder or 4-cylinder capacity)
Two motorized boat (2-cylinder or 4-cylinder capacity)
Motorized boat (6-cylinder capacity)

Male frequency (n = 25) (%)

20
60
20
28
44
24
4

6

76
11
7

Female frequency (n = 20) (%)

50
50
N/A
35
25
30
10

Different boat and net types used by the small-scale fishers of Sagar Island

Boat type

Net type

Non-motorized boats, especially Dingi boats
Motorized boats ( 2-, 4-, 6- cylinder capacity boats)

Using homemade Styrofoam floating board (shol) as a boat

Gillnet (Chhandli)

Fixed bagnet (Behundi)

Drag shore seine (Berjal)
Shore stake nets (Chowrpata)
Throw net (Khalpata)

Data has been derived from semi-structured interviews, focus group discussions, and household surveys answered by small-scale fishers, dried fish producers, and
members of Fishermen Association of Sagar Island.
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Types of value

Descriptive statements

Value categories

1 Ecosystem conservation Healthy marine ecological system Better world (what is desired for the world/broader society)
2 Peacefulness Fishing villages without conflicts
3 Equality Equal fishing opportunity among fellow fishers
4 Freedom Freedom to decide when and where to fish
5 Ecological knowledge Comprehensive knowledge on marine ecosystem
6 Wealth High economic income from fishing work Good life (what is desired for an individual’s satisfaction)
7 Spiritual wellbeing Religious practices and sacred rituals through contact with
nature and fishing work
8 Secure livelihoods Secure livelihoods from fishing work
g Hedonism Enjoyment and pleasure in fishery life
10 Novelty Creativity in fishing work
11 Benevolence Concern for the welfare of other fishing workers Personal virtues (desired virtuous inner quality of a person)
12 Moderation Moderate catch target
13 Honesty Integrity in fisheries governing system
14 Self-esteem Sense of pride for working in the fishing industry
15 Attachment to place Bond with the marine ecosystem and the community Outward aspirations (desired relationship with
16 Social cohesion Cohesion among the members of the fishing community human/object outside of self)
17 Influence Strong leadership in fishery management
18 Social recognition Greater public recognition of fishing work
18 Tradition Many young people taking an interest in fishing tradition
20 Conformity Acceptance of fishery rules and regulations

Adapted and modified from Song et al. (2013) and Song and Chuenpagdee (2015). The descriptions of values in column 2 were obtained through the semi-structured
interviews and surveys.
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Case study

Solutions implemented to address conflicts

Top-down

Ostrom-type solutions

Coasean solutions

(1) Moray Firth Seal
Management Plan

(2) Salmon management
institutions in the Columbia River
Basin

(3) International Whaling
Commission

(4) Management of Natural and
Reared Salmon stocks in the
Baltic Sea

(5) Interactions between seals
and commercial fishing in Ireland
(6) Water supply and salmon in
California’s Central Valley

(7) St. Croix River alewife
restoration

(8) Depredation by toothed
whales in French Antarctic
toothfish fishery

Government introduced legislation to force
negotiation by fisheries

Court orders for recover actons; amendment of

MMPA allows lethal removal of pinnipeds

Bans on certain activities, such as in MPAs or
bans on certain gear types, shipping zones, etc.

Measures based on EU Common Fisheries
Policy, supported by national restrictions

Prohibition of killing or harming seals

Endangered species laws and administrative

biological opinions regulate water use

Top-down legislation (blocking fish passage)
changed in response to pressure from many

groups

TAC reduction imposed on fishery depending

on depredation level

Partnership of diverse stakeholder
representatives negotiating compromise,
integrating knowledge and generating
innovative solutions

Partnership of diverse stakeholder
representatives

Collaboration on monitoring and
evaluating alternatives to the activities
causing the externalities such as bubble

curtains, gear modifications, slower ships.

International science and policy
collaboration within existing EU
institutions

Collective rules to mitigate impacts on
both seals and fisheries

Collaborative governance program and
Council to facilitate stakeholder
involvement

Emerging collaborative partnership to
overcome jurisdictional complexity.

Partnership of diverse stakeholder
representatives

Negotiation of seal shooting quotas in
areas where impacts on conservation
and tourism are minimized, and
salmon predation most likely

Leasing water rights to balance
stream flow needs for salmon and
historical water uses

Compensation schemes (“beneficiary
pays” type), e.g., ECHO Program in
BC Canada

Individual Transferable Quotas (but
not currently transferable between
river-based and at-sea fisheries)

Water markets

Incentive scheme: quota allocation
depends on fishing firm participation
to research on whale conservation
and solutions to mitigate depredation





OPS/images/fmars.2022.835692/table1.jpg
Variable df
Offered support

Gender 3
Race 1
Employment 1
Access to free education
Gender 3
Race 1
Employment 1
Amount spent on education
Gender 3
Race 1
Employment 1
Region 8
Amount spent on extra qualifications
Gender 3
Race 1
Employment 1
Time spent on unwaged labour
Gender 3
Race 1
Employment 1
Region 8
Mental health issues

Gender 3
Race 1
Employment 1
Contribution to or worsened conditions
Gender 3
Race 1
Employment 1

Experienced any kind of discrimination,
abuse or mockery

Gender 3
Race 1
Employment 1

Bold font indicates statistical significance. df, degrees of freedom.

1.206
0.166
1.813

0.494
0.071
3.050

3.454
6.169

0.590
154.29

0.992
1.855
0.556

1.963
0.056

0.279
10.838

19.058
0.958
1.394

2.628
0.986
2.362

13.733
2.982
0.971

P-value

0.751
0.684
0.178

0.482
0.790
0.081

0.327
0.013

0.442
<0.001

0.803
0.173
0.456

0.580
0.813

0.597
0.211

>0.001
0.328
0.238

0.453
0.321
0.124

0.003
0.084
0.324
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Case study

Governance challenges and opportunities

Barriers to other possible solutions

Opportunities

(1) Moray Firth Seal Management Plan

(2) Salmon management institutions in
the Columbia River Basin

(3) International Whaling Commission

(4) Management of Natural and Reared
Salmon stocks in the Baltic Sea

(5) Interactions between seals and
commercial fishing in Ireland

(6) Water supply and salmon in
California’s Central Valley

(7) St. Croix River alewife restoration

(8) Depredation by toothed whales in
French Antarctic toothfish fishery

Lack of financial support from government to maintain local

coordination and research; apathy from stakeholders as a result
Conflicting legal mandates (under ESA, MMPA, and MSA), multiple

jurisdictions (state, federal, tribal) and management agencies

Conflicting national or treaty mandates, lack of global or regional
agreements; lack of data on population level mortality impacts of

different sectors

Focus of EU Common Fisheries Policy on at-sea fisheries only,
differing national policies

Confusion of responsibilities spread between responsible parties

Water scarcity; multiple agencies with jurisdictional conflicts and

different and conflicting mandate conflicts

Complex, international jurisdictions; no consensus on priority of
objectives among interested parties and ecological health of the

waterway

Management still focused on short-term issues, scientific
uncertainty about mitigation benefits and costs, importance of
non-use values

Decline in salmon stocks creating renewed crisis and
elevating salmon conservation imperative

Shift in norms and values may create impetus to amend the
ESA to allow consideration of trade-offs between objectives
Collaboration, Memorandums of Understanding, joint
development of guidelines, etc.

Potential to implement ITQs between countries and
between river-based and at-sea fisheries

Potential to reduce both bycatch and depredation with a
single solution, e.g., acoustic deterrents or change in fisher
behavior

Water scarcity and new legal mandates (groundwater
management, dam relicensing) may foster policy innovation
Increasing acceptance that return of alewife would improve
productivity and not negatively impact the recreational
fishery

Longer-term management plans, test of new technical
mitigation solutions, further inclusion of fisheries impacts on
marine mammals in MSC labeling criteria
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Case study

Resources and users

Species involved

Sectors involved

Externalities/conflicts

(1) Moray Firth Seal
Management Plan

(2) Salmon management
institutions in the Columbia
River Basin

(3) International Whaling
Commission

(4) Management of Natural
and Reared Salmon stocks
in the Baltic Sea

(5) Interactions between
seals and commercial
fishing in Ireland

(6) Water supply and salmon
in California’s Central Valley
(7) St. Croix River alewife
restoration

(8) Depredation by toothed
whales in French Antarctic
toothfish fishery

Atlantic salmon (Salmo salar), harbor seals
(Phoca vitulina)

Salmon (Oncorhynchus spp.), killer whales
(Orcinus orca), pinnipeds

Whales

Salmon (Salmo salar), seals (Halichoerus
grypus)

Gray seals (Halichoerus grypus), monkfish
(Lophius spp.), other demersal fish,
crawfish (Palinurus elephas)

Chinook salmon (Oncorhynchus
tshawytscha)

Anadromous alewife (Alosa
pseudoharengus), smallmouth bass
(Micropterus dolomieui)

Toothfish (Dissostichus eleginoides), killer
whales (Orcinus orca), sperm whales
(Physeter macrocephalus)

Fisheries, tourism, government,
conservation, NGOs

Fisheries, hatcheries, dams,
agriculture, habitat restoration,
NGOs, Indian tribes

Whaling, fisheries, offshore drilling,
shipping, whale watching, NGOs

Fisheries, tourism, hydropower
dams, river water quality, NGOs

Fisheries, NGOs, conservation
bodies

Agriculture, fisheries, habitat
restoration, dams, NGOs
Hydropower, Businesses (paper
companies, bass fishing guides),
NGOs and Indigenous Peoples
Fisheries, government, NGOs

Salmon conservation vs. protection of predators
(seals) and fisheries

Salmon conservation vs. dams, protection of
predators, and fisheries

Whale conservation vs. fishing (bycatch), drilling
and extraction, shipping noise and emissions, ship
strikes, ocean pollution, direct takes

Salmon conservation vs. commercial and
recreational transboundary fisheries, slight conflict
with seals

Seal conservation vs. sustainable fisheries

Salmon conservation vs. irrigated agriculture

Blocking (native) alewife passage at dams to protect
(introduced) bass productivity for recreational
fishery vs. returning alewife to native habitats
Depredation: whale conservation vs. sustainable
fisheries
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Case study

Distributional effects and power dynamics

Benefits of coordination

Political influence

(1) Moray Firth Seal Management
Plan

(2) Salmon management institutions
in the Columbia River Basin

(3) International Whaling
Commission

(4) Management of Natural and
Reared Salmon stocks in the Baltic
Sea

(5) Interactions between seals and
commercial fishing in Ireland

(6) Water supply and salmon in
California’s Central Valley

(7) St. Croix River alewife restoration

(8) Depredation by toothed whales
in French Antarctic toothfish fishery

Reducing litigation and transaction costs; generating
innovative solutions

Implementing more cost-effective recovery action, reducing
litigation

Design and implementation of more tailored and
cost-effective monitoring and mitigation measures
Improved management of a transboundary resource,
support for science, higher value use of salmon

Depredation and byctach of seals are likely linked,
suggesting the possibility of benefits for both

Reduced litigation costs, reduction in risk to ecosystem and
water users.

Overcome complex jurisdiction (Canada, United States, and
Indigenous People), and inconsistent management
Minimizing depredation ecological and socio-economic
impacts, avoiding toothfish quota reductions

Government holds legal leverage over fishery interests; conservation
NGOs have moral ascendancy to give seal conservation priority

Strong hydropower and agricultural interests vs. tribal interests and
diffuse non-use values; fishery interests favoring hatcheries

Fishing and processing, oil and mineral extraction, shipping.

All management actions re-distribute catches, i.e., they are very
political decisions

Neither side are particularly strong politically, although NGOs may
have slightly more influence

Well-connected agricultural lobby

Bass fishing lobby; Power imbalance as one jurisdiction can take
action that negatively impacts entire system

Political will to maintain coordination and fight illegal fishing
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Case study

Coordination mechanisms

Existing mechanisms

Support from authorities

(1) Moray Firth Seal Management Plan

(2) Salmon management institutions in
the Columbia River Basin

(3) International Whaling Commission

(4) Management of Natural and Reared

Salmon stocks in the Baltic Sea

(5) Interactions between seals and
commercial fishing in Ireland

(6) Water supply and salmon in
California’s Central Valley

(7) St. Croix River alewife restoration

(8) Depredation by toothed whales in
French Antarctic toothfish fishery

Partnership of tourism operators, conservation groups and
marine fishery interests; annual seal shooting licensing system;
local “champion” for solution mechanism.

Northwest Power and Conservation Council, Columbia Basin
Partnership, Courts

Collaboration on science and stewardship at the global, regional

and local levels

Strong link between policy and science, EU fisheries policy
approaches

Ad hoc discussion group with industry and NGOs, led by
scientists

Inter-agency coordination meetings, NGO and water user

projects, Council established to facilitate stakeholder involvement,

government grants to fund alternative habitat projects
No existing structure that allows for coordinated action

Industry-research partnership

Existing but lack of mechanism to engage fisheries, tourism
and conservation interests

Existing but lack of overarching institutions

Still a challenge given diverging mandates and institutional
silos.

Existing support from managers; strong political will of
Finnish fisheries minister to improve management

Minimal

Existing, but buy-in is voluntary and decisions often
non-binding.

Ad hoc group, facilitated by an international body, is trying
to bring all parties together

Coordination by a regional commission (CCAMLR) and
French government
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Shared views/objectives across stakeholder

Case study

groups (formally recognized)

Evaluative processes for trade-offs

(1) Moray Firth Seal Management Plan

(2) Salmon management institutions in
the Columbia River Basin

(3) International Whaling Commission

(4) Management of Natural and Reared
Salmon stocks in the Baltic Sea

(5) Interactions between seals and
commercial fishing in Ireland

(6) Water supply and salmon in
California’s Central Valley

(7) St. Croix River alewife restoration

(8) Depredation by toothed whales in

Compromise accepted and codified in collaboratively
developed Moray Firth Seal Management Plan (MFSMP)

Emerging and partial — long term aspirational goals but
lack of clear near-term objectives

Limited awareness of the impacts of non-whaling
threats on cetaceans

Common understanding but no shared view

Common understanding but no shared view of
objectives

Water supply and ecosystem services formally
recognized as co-equal goals; but stakeholders rarely
agree on specific objectives

No for some time, but consensus now emerging that
alewives should be returned to former distribution
Common understanding but no shared view

Sophisticated trade-off analysis based on seal and salmon
population assessments and predation modeling

Limited evaluation and lack of mechanisms for implementing
trade-offs

Limited but possible if open and informed public process and
shared science. Need workable and practicable solutions

High quality Bayesian stock assessment estimates all individual
stocks separately and their reactions to policy actions
No trade-off evaluation undertaken to date

Strong support for “no-lose” alternatives, but mechanisms for
evaluating tradeoffs are lacking.

No formal process for evaluation

No trade-off evaluation undertaken to date

French Antarctic toothfish fishery
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Case study element

Resources and users

Externalities

Distributional effects
and power dynamics

Coordination
mechanisms

Shared objectives

Evaluative processes

Solutions

Governance challenges
and opportunities

Evaluation feature

Define stakeholder participation

Define ecosystem services in consideration

Identify conflict

Define values (monetary and non-monetary) of stakeholder groups
Identify benefits of coordination

Identify beneficiaries of coordination

Define political influence (in relation to stakeholder participation)
Define existing coordination mechanisms

Define support from central authorities

Define management and stakeholder objectives
Identify shared and conflicting objectives

Define existing processes for scenario evaluation focused on
trade-offs

Identify solutions and their type (top-down, Ostrom-type, Coasean)
Characterize durability of solutions and resilience to external shocks

Identify barriers to possible solutions
Identify opportunities

Link with evaluative and problem-solving frameworks

Highest-tier variables (resource system, resource units, users) in SES
framework (Ostrom, 2009)

Second-tier variables 14 (conflicts among users), O3 (externalities to other
SESs), and RU4 (economic value) in SES framework (Ostrom, 2009)
Second-tier variables 16 (lobbying activites) in SES framework (Ostrom,
2009); Proportionate distribution of costs and benefits in transaction cost
framework (Libecap, 1994)

Second-tier variables GS1 (government organizations) in SES framework
(Ostrom, 2009); Level 3 (governance) and level 4 (resource allocation) in
transaction cost framework (Williamson, 2000)

Key features #2 (shared vision by stakeholders and decision-makers) and
#5 (common and comprehensive set of operational objectives) in
Integrated Management framework (Stephenson et al., 2019)

Key features #6 (explicit consideration of trade-offs and cumulative
impacts) in Integrated Management framework (Stephenson et al., 2019)
Ostrom-type and Coasean-bargaining approaches; Key features #7
(flexibility to adapt to changing condition) #8 (processes for ongoing
review and refinement) and #9 (effective resourcing, capacity, leadership
and tools) in Integrated Management framework (Stephenson et al., 2019)
Transaction costs associated with institutional changes (Williamson, 2000)
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Major stakeholder/sector

Indigenous (Passamaquoddy)
Peoples, Environmental NGOs

Businesses (paper and power
companies)

Government of Canada
(Department of Fisheries and
Oceans)

Government of the State of Maine

Bass fishing guides

Position/issue

Alewives are critical to the ecosystem and as
a food source. Recovery of alewives was
being stalled to protect an introduced species
of commercial (recreational) value

The dams of the St. Croix river, while old, are
still valuable in their contributions to industry
and power generation

Alewives are a native species and should be
returned to native habitat

Faced with conflicting objectives of
Passamaquoddy Tribe who want to promote
alewife recovery and bass fishing guides who
have preferred to prevent alewife recovery
Perceived a negative interaction between
alewife restoration and bass productivity, so
argued against restoration
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Tuvalu

luvalu Seabed Minerals Act (2014) mandates the application of the
precautionary approach, the employment of best environmental
practice in accordance with prevailing international standards for
the avoidance/remediation/mitigation of adverse effects of DSM on
the marine environment, and the obtaining of FPIC from “marine or
coastal users likely to be adversely affected” by DSM activities' .

‘Ihe Act also establishes an Advisory Gouncil to assist the primary DSM authority in Tuvalu. It
mandates that at least one person on the Council must represent “coastal communities of Tuvalu”
and one person must represent “women’s interests'2.” These direct references to specific
community interest groups in Tuvalu, FPIC, and relevant international law augur well for the
incorporation of traditional approaches to marine resource management in Tuvalu, even with the
lack of an explicit reference to Indigenous Peoples.

Vanuatu

No DSM legislation A draft DSM Policy, stemming from
the SPC-EU DSM Project, has been
under consideration since 2014.
The draft contains language on
consultations with local
communities as well as references
to rights of Indigenous Peoples, but
the draft also characterizes DSM
activities as occurring “far offshore”
with “minimal” or “negligible”
on-land impacts (Vanuatu Deep
Seabed Minerals Policy, Vanuatu
Deep Seabed Minerals Policy).

Vanuatu has a strong heritage of traditional marine resource management including legally
recognized customary marine tenure systems that allow reef custodians to control activities on
their fishing grounds. There are traditional seasonal and species closures, tabu areas, behavioral
prohibitions, food avoidance, and refugia created as part of the cultural diversity found throughout
Vanuatu (Hickey, 2006, 2007; Ruddle and Hickey, 2008).

Fiji

Fiji gazetted its International Seabed Mineral Management Decree
in 2013 to regulate and administer Fiji's engagement in mineral
activities in the Area.

The action appeared to be in connection to an application by
Lockheed Martin for exploration in the Clarion Clipperton Zone, with
Fiji poised to be the company’s Sponsoring State, but the
application was not approved'S.

It remains unclear whether the Decree ever attained the force of law
after gazetting, and if so, whether in whole or just in part.

Prior to the gazetting of the Decree, Fiji relied on existing
land-resource management legislation to govern seabed extractive
activities, with slight changes to the legislation to broaden its scope
to seabed minerals extraction.

No DSM policies/e.g. incorporated
in Marine Protected Areas

The 2013 Decree does not reference IPLCs or Indigenous/traditional knowledge. However, it does
require, in Article 27(1)(b)(i), a determination of, among other things, whether proposed seabed
mineral activities “will not result in irreparable harm to any community, cultural practice or industry
in Fiji.” It also requires, in Article 32(e), all actors engaging in seabed mineral activities to apply the
precautionary approach and “employ best environmental practice in accordance with prevailing
international standards in order to avoid, mitigate, or remedy adverse effects of Seabed Mineral
Activities on the environment.”

Samoa

No DSM legislation no DSM policies/e.g. incorporated

in Marine Protected Areas

T FSM Seabed Resources Act, 2014, § 403(a).

2Ibid., § 403(d).

SKiribati Seabed Mineral Act, 2017, § 45.

Ibid., § 3(1).

5Nauru’s International Seabed Minerals Act, 2015, § 28(d).
SIbid., § 30(d).

7 Palau National Marine Sanctuary Act, 2015, § 1489.
8Ibid., § 102(y).

9Tonga Seabed Minerals Act, 2014, § 2(e).

01bid., § 39(c).

" Tuvalu Seabed Minerals Act, 2014, § 45(a) and (d).
2Ipid., § 30(c).

SAmie Saiki, SOPAC Expedites New Seabed Mining Legislation for Lockheed Martin, FOREIGN POLICY IN FOCUS, Mar. 20, 2013, http://fpif.org/sopac_expedites_new_seabed_mining_legislation_for_lockheed

martin/.

same as Fiji
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Marshall
Islands

‘The Marshall Islands has not yet enacted DSM legislation, although
draft legislation was submitted at cabinet level in June 2015
(Secretariat of the Pacific Community, 2015), with provisions quite
similar to those in the legislation for the FSM and Kiribati.

The EEZ of the Marshall Islands is proximate to part of the Area
situated in the Northwest Pacific where there is currently significant
interest in cobalt-rich ferromanganese crusts (International Seabed
Authority, 2020c).

Similar to those of the FSM, the native inhabitants of the Marshall Islands have a rich tradition of
instrument-free Ocean navigation relying on Indigenous and local knowledge and deep
connections to the marine environment (Flood et al., 1999; Gooley, 2016; New York Times
Magazine and Tingley, 2016). It is critical for the national legislation to consider fully the interests
and views of native inhabitants as the exploration and exploitation of the crusts in the Northwest
Pacific could impact the EEZ of the Marshall Islands and the biological diversity and processes on
which they rely on for traditional uses. As a first step, the College of the Marshall Islands,
non-governmental organizations and local communities have worked together with local
governments to strengthen traditional practice, undertake surveys and establish a representative
network of marine protected areas.

Nauru

Nauru’s International Seabed Minerals Act (2015) references “best
environmental practice in accordance with prevailing international
standards,” including the application of the precautionary principle®.

The Act does not reference FPIC or IPLC.

However, the Act stresses that Nauru cannot impose an “unnecessary, disproportionate or
duplicate regulatory burden” on sponsored entities unless those are consistent with UNCLOS, the
Rules of the ISA, and “other applicable standards of international law®.” Such international law
standards may arguably include those pertaining to FPIC and other rights of Indigenous Peoples,
if not human rights in general.

Palau

Palau does not have dedicated DSM legislation or policies in place

Palau’s National Marine Sanctuary
Act has relevant language on DSM.
It explicitly prohibits the “extraction,
disturbance, destruction, removal
or alternation of any Sanctuary
resource” from 80% of Palau’s
EEZ’, with “Sanctuary resource”
defined in the Act as “any living or
non-living resource®.”

Palau’s national legislation recognizes traditional resource management to protect biodiversity,
habitats and natural resources in their network system of protected areas. The Palau National
Marine Sanctuary has been described as the modern-day statutory embodiment of the Palauan
concept of a bul, which is essentially a traditional closure of marine space in Palauan waters for
various reasons, including the revitalization of key marine species in those waters (e.g., Marine
Spatial Planning Programme- UNESCO — Palau, 2017). The Act’s prohibition on the extraction of
non-living resources from approximately 500,000 km? of Ocean space would seem to comport
with traditional management of marine resources in Palauan waters, including concerns about the
impacts of DSM on marine life in the water column above Palau’s seabed.

Solomon
Islands

Solomon Islands promulgated a National Minerals Policy in early
2020 covering the period of 2017 to 2021 (Solomon Islands (S.1.)
National Minerals Policy, 2020).

The Policy applies to all mineral extraction activities under the
jurisdiction or control of Solomon Islands, including DSM.

The Policy is “developed in support of, and in alignment with The United Nations Declaration on
the Rights of Indigenous Peoples.” The Policy also requires “consultations with communities and
stakeholders on the appropriateness of deep-sea mining for Solomon Islands” and establishes an
advisory committee made up of “key stakeholders” to assess the impacts of DSM. Significantly,
the Policy requires the relevant Ministry to be guided by numerous international obligations and
duties, including applying the precautionary approach and the employment of the best
environmental practice. “If marine and coastal users likely to be adversely affected by the
proposed [DSM] projects are identified at any time, [a DSM] Company will be required to obtain
informed consent from those persons, including by way of compensation, prior to those
activities.”

To the extent that “marine or coastal users” include IPLCs, and in light of the applicable
international obligations and duties, there appears to be at least an implied regime of FPIC
applicable under the Policy. In further support of this, there is evidence that in the Solomon
Islands, traditional and modern law combine to protect secret sites for the preservation of sacred
species according to the special management based on deity/cultural heroes type rules (Eliade,
1957).

Tonga

Tonga Seabed Minerals Act (2014) requires the application of the
precautionary approach® and the employment of best
environmental practice in accordance with “prevailing international
standards.”

The Act required the securing of FPIC from “marine or coastal users likely to be adversely
affected” by DSM activities'?. However, it does not explicitly recognize Indigenous Peoples,
choosing instead to give the primary DSM authority in Tonga the power to identify the “marine or
coastal users” that could be adversely affected by DSM activities, as opposed to allowing those
users (which could conceivably include IPLC) to self-identify.
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DSM legislation

DSM policies/e.g., incorporated
in Marine Protected Areas

Degree to which traditional dimensions are incorporated

Cook The Cook Islands Seabed Minerals Act of 2019 governs both The Cook Islands Seabed Minerals  The 2019 Seabed Minerals Act and the 2017 Marae Moana Act both reflect traditional
Islands marine mineral activities on the continental shelf of the Cook Act of 2019 complements the dimensions and safeguard the interests of local communities by, among others:
Islands, as well as seabed mining in the Area. Marae Moana Act of 2017, which — recognizing the heritage value of the ocean and the connectivity between terrestrial and
sets up a multiple-use marine park, marine environments;
including Marine Protected Areas — introducing specific conditions for the award of a sponsorship certificate or license;
and specific zones for seabed — promoting transparency and public participation;
mineral activities. — designating specific zones as ra'ui areas.

PNG — Papua New Guinea (PNG) Mining Act, 1992; Papua New Guinea (PNG) Mining (Amendment) Act, 2015 has for purpose to promote and
Under its Article 2 (1)(d), the State owns all mineral resources in any support the development of offshore mining in an orderly, sustainable and environmentally and
land, in or on the seabed under the archipelagic waters and socially responsible manner and to provide for national mapping and identification of customary
territorial sea only, which leaves a ratione loci gap even if the State traditional sea users (SOPAC, 1999).
of PNG has sovereign rights for the purpose of exploring and
exploiting its natural resources in its EEZ and on its continental shelf
pursuant to the UNCLOS (UNCLOS, Art. 56 and 77) to which PNG
has been a State party since January 14, 1997.

— Papua New Guinea (PNG) Mining (Amendment) Act, 2015; But
there is no special legislation on offshore mining beyond the
territorial seas.

— Papua New Guinea (PNG) Mining (Safety) Act, 1977, the
Papua New Guinea (PNG) Mineral resources Authority Act, 2005,
the Papua New Guinea (PNG) Environment (Amendment) Act,
2014, the Guidelines for Conduct of Environmental Impact
Assessment and Preparation of Environmental Impact Statement
2004 and their respective regulations also primarily apply, but
inadequately, to DSM activities.

There is no specific provision on DSM such as Strategic
Environmental Assessment or Seabed Protection Areas in the
Environment Act 2000.

FSM FSM Seabed Resources Act (2014) recognizes the duty to “employ These provisions do not specify Indigenous Peoples or similarly situated local communities,
best environmental practices in accordance with prevailing although an argument could be made that such Peoples and communities are included as
international standards in order to avoid, remedy, or mitigate the “marine or coastal users,” especially if the reference to “prevailing international standards” in
adverse effects of DSM on the Environment'” as well as to secure connection to best environmental practices is interpreted to include FPIC and similar rights
FPIC (including through compensation) “if marine or coastal users afforded to Indigenous Peoples by international law.
likely to be directly adversely affected by DSM Activities?” are Such users arguably include native inhabitants of the FSM who engage in instrument-free
identified by the relevant governing institution/entity at any time, traditional navigation on the open Ocean, perpetuating a centuries-old practice in the FSM and
including through the environmental impact assessment process. elsewhere in the Pacific that relies on a keen understanding of marine life and processes (Gladwin,

1970; Feinberg, 1995; Finney, 1998; Lewis, 2017).
Kiribati The Kiribati Seabed Mineral Act, 2017 echoes the FSM legislation However, the Kiribati legislation defines the “deep seabed” as areas that, among other things, are

with respect to best environmental practices, prevailing international
standards, and FPIC3

“beyond reefs and traditional fishing grounds?,” which might militate against a full consideration of
Indigenous and local maritime interests.
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Ferro-manganese polymetallic
nodules

Cobalt Rich Crusts (CRCs)

Seafloor massive sulfide (SMS)
deposits

Location, characteristics of the
seafloor

Mineral Composition, formation

Location in Pacific region

Faunal characteristics

Assessed impacts

On the seafloor and buried in extensive
fine sediment-covered abyssal plains
and hills between 3500 and 6500 m
depth.

Rock concretions of 4-14 cm
characterized by a very slow growth
(1-10 mm in about 1 million years)
(Hein et al., 2015).

The most commercially interesting
mineral deposit lies on the seabed of
the Clarion Clipperton Zone (CCZ), NE
Pacific region of the Area at 3500 and
5500 m depth. The CCZ has the
highest density of seabed mineral
exploration licenses on the planet.
Other areas of potential interest: Central
Indian Ocean basin, the EEZs of the
Cook Islands, Kiribati and French
Polynesia.

Faunal communities are significantly
more abundant and diverse where
there are nodule deposits and in
particular when nodule coverage is
higher, habitat heterogeneity, slopes
and current regimes greater (Tilot,
2006, 2010; Tilot et al., 2018).

DSM would probably have a
considerable negative biological impact
on along term (and at a regional scale
in the case of the CCZ with an
estimated area of over more than 3
million km?). Bentic megafaunal
communities, mostly suspension
feeders and detritus feeders, are
sensitive to hyper-sedimentation.
Impacts overall the water column
including interconnected foodwebs,
surface, and above. As technologies of
extraction are not totally finalized,
impacts cannot be correctly assessed
on spatio-temporal scales. Impacts on
the ecosystem would have also to take
in account the combination of natural
and human impacts in the water
column up to the surface and the layer
of air above the ocean (Tilot, 2019).

On seamounts, volcanoes and
carbonate platforms in varying depths
from 400 to 7000 m.

Formed by layers of iron and
manganese oxides enriched with
metals including rare earth elements

Most CRC’s of economic interest are
between 800 and 2500 m depth (Hein
et al., 2013; Hein and Koschinsky,
2014). CRC's are particularly abundant
close to the Federated States of
Micronesia, Marshall Islands, Kiribati,
Tuvalu, Cook Islands, and French
Polynesia.

Cobalt-rich associated biotopes are hot
spots of marine biodiversity due to
important hydrodynamism especially on
seamounts where there is evidence of
important faunal communities, mostly
sessile, characterized by long life spans
and slow growth rates, high speciation
and endemism. These attract a large
trophic chain in particular
bentho-pelagic communities which
interest fisheries. Seamounts play a
major role as stepping stones for
population dynamics, biological
connection and colonization.

The impact of DSM on relatively small
areas (seamounts, volcanoes) could
lead to the extinction of these
biocenoses. The cumulative effects of
natural impacts and other anthropic
activities on the seabed and in the
water column, such as fishing on
seamounts, are not well known but
would be assessed as high.

SMS require a long-lived hydrothermal
system and occur at depths between
1000 and 4000 m. The deposits are
located in small, discontinuous areas
(several 100 m? which are strictly
associated with hydrothermal vents
emitting at high temperatures (350°C)
variable in space and time (Dyment
etal., 2014).

The main metals are copper, iron and
gold with small quantities of silver and
zinc (Hannington et al., 2010, 2011).

Gold-bearing polymetallic sulfides are
most abundant within EEZs/on the
continental Shelf of Papua New Guinea,
Solomon Islands, Vanuatu, Fiji, Tonga,
and New Zealand

Chemo synthetic microorganisms and
bacteria (free or symbiotic) are the basis
of the food chain. Associated faunal
communities have narrow ecological
niches within variations of physical
parameters at hydrothermal vents (T°C,
pH, H2S, CO,, Op) which make them
highly vulnerable to any environmental
change. Globally, hydrothermal
ecosystems are unstable (smokers,
active sites, diffuse vents), the life span
of organisms is relatively short with a
very fast growth rate and reproduction
(6 months) (Beaulieu, 2010). Their
biomass is very important and can
reach several kg/m? (1000-10,000
times the biomass in proximate areas).
Species richness is relatively poor, most
species being strictly restricted to
hydrothermal habitats with 95%
endemism.

Despite the fact that these species are
adapted to rapid extinctions and
recolonizations, the exploitation of a
total hydrothermal area would interrupt
the genetic flux and hinder any
recolonization. As well as a highly
repetitive exploitation of the mineral
resources would not leave enough time
for the species to complete their life
cycle. Options for conservation are
quite complex and should be even
more adaptive than for the other
mineral associated ecosystems.
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Environmental

Economic

Political

Social

Harvest weight
Feed conversion?

Fuel price?
Fish price®
Electricity?

Feed ingredients
Plant products
other than oil?

Plant oil?

Fishmeal®

Fish oil®
Other costs
Subsidies

Marketing option?

World Markets
[RCP8.5, SSP5]

RCP 8.5

+139%
+70%
+152%
+97%

+121%
+14%
+41%
+96%

No public
payments granted

No regional
marketing option

(carp)

National
Enterprise
[RCP8.5, SSP3]

RCP 8.5

+163%
+76%
+129%
+109%

+116%
+92%
+85%
+96%

Current subsidies
remained

100% marketed

under regional label

Global
Sustainability
[RCP4.5, SSP1]

RCP 4.5

+138%
+57%
+144%
+61%

+89%
+26%
+51%
+96%
Current subsidies
remained if related
to environmental
production
No regional
marketing option
(carp)

Price Variation

+14%
+5%
+6.5%
+12.6%

+14%
+15.3%
+18.8%

Price trends for fishmeal and fish oil (FMFO) are derived from the FMFO model (c), price trends for all other commodities from the MAGNET model (b, see also Pinnegar
et al., under review), and price assumptions for region marketing of German carp derive from Lasner et al., 2020 (d). Historic price variation is derived from a generalized
additive model using historic price trends from databases and statistical reports (see section “Price Variation”). Future harvest weight and feed conversion rates (a) are
originating from the Farm Aquaculture Resource Management (FARM) population model. SSPs, shared socio-economic pathways; RCPs, representative concentration

pathways.
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World Markets National Enterprise Global Sustainability Local Stewardship

Rainbow trout 183 +10% 197 +13% 180 +10% 189 +12%
Common carp 213 + 30% 213 + 30% 183 + 25% 199 + 28%
Sea bass Sea bream 171 + 42% 197 +31% 169 + 26% 187 +27%
Salmon organic 160 +17% 195 + 23% 160 + 18% 182 +21%
Salmon conventional 184 + 12% 198 + 14% 179 +11% 189 + 13%

Current fish feed prices per species were derived from focus groups discussions with experts for typical farms (seven for trout, four for carp, two for salmon, two for sea
bass and sea bream). + Represents feed price variation based on historic price variation.
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CERES scenarios
00e

2016 ﬁ Y]

Typical farm approach

Diesel, Fish,
Electricity,
Crop prices

Sensitivity

1 Defined by authors/Lasner et al. 2020, SH involved

2 Defined by authors/Pinnegar et al., this issue; SH involved

3 Conducted within CERES (CERES D1.3, 2018)

4 FMFO model (Mullon et al. 2009) parameterized for CERES
scenarios by authors (see also Peck et al. 2020)

5 Growth models developed/improved by authors/CERES

6 Derived from MAGNET model including SSP Scenario work by
authors: Meijl et al. 2020/ Woltjer & Kuiper, 2014

7 Defined by authors

8 Future farm results validation by authors, SH involved

9 Price variation & S. analyis by authors/Pinnegar et al., this issue
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Study focus Pacific Island References

Ecology

Historical ecology FJ, KL NI, S| Loeb, 1926; Catala, 1957; Kunatuba, 1983; Ono and Addison, 2013;
Thamen et al., 2017

Spawning aggregations FJ, KL, PNG, S| Johannes and Yeeting, 2000; Hamilton and Kama, 2004; Hamiton and
Potuku, 2007; Fox et al., 2012; Hamilton et al,, 2012

Fish aggregating behavior PNG, SI Johannes and Hyiding, 2000; Hamilton and Kama, 2004; Harmilton and

Potuku, 2007; Hamilton et al., 2012
Physical environment

Tidal cycles and patterns KI, TK Johannes and Yeeting, 2000; Hooper et al., 2012

Lunar cycles K, PL, S| Johannes, 1981; Takeda and Mad, 1996; Johannes and Yeeting, 2000;
Johannes et al,, 2000; Hamilton et al,, 2012

Weather pattemns for fishing ClI, NI, VA Loeb, 1926; Mondragén, 2004; Carison, 2017

Seasonal markers FJ,PL,VA Klee, 1976; Mondragon, 2004; Veitayaki, 2005;

Collaborative mapping sl Lauer and Aswani, 2009

Language and marine cognition

Names for fish and marine invertebrates FJ,FSM, PNG, SI, TA, TN Atien, 1930; Akimichi and Sakiyama, 1991; Foale, 1998; Morgan,
1999; Abraham and Lambeth, 2001; Thaman et al., 2008, 2017; Ross
etal, 2011

Lexical categories for water ecological zones Sl Lauer and Aswani, 2009

Season names FJ,PL Kiee, 1976; Veitayaki, 2005

Resource management

Management practices in coastal fisheries RN, NR, SI Johannes et al., 2000; Spennemann, 2002; Aswani and Hamiton,
2004; Aburto et al., 2015

Fish harvesting techniques and technologies FSM Abraham and Lambeth, 2001

Harvesting methods FSM Abraham and Lambeth, 2001

Community based resource management systerms Cl, FJ, NG, PL, SA, SI, TK, TU, Ruddle, 1994; Veitayaki, 1997; Johannes, 2002; Léopold et al., 2011;

VA Hooper et al,, 2012
Customary marine resource management Cl, El, FJ, PNG, SI Johannes, 1978; Tiraa-Passfield, 2006; Foale et al., 2011; Solomona

and Vuki, 2012; Golden et al., 2014; Aburto et al., 2015

Table adapted from Thomton and Scheer (2012) and modified for the Pacific Islands.
Key: Cl, Cook Islands; FJ, Fiii FSM, Federated States of Micronesi; KI, Kiribati; NC, New Caledonia; NI, Niue; NR, Nauru; PL, Palau; PNG, Papua New Guinea; RN, Rapa Nui; SA,
Samoa; Sl, Solomon Islands; TK, Tokelau; TN, Tonga; TU, Tuvalu; VA, Vanuatu.
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Country Environmental factors References
Fiji Wind, tidal movement, daily weather conditions, yam season, local Kunatuba, 1983; Veitayaki, 2002
environment conditions
Kiribati Lunar cycle, wind, tidal movement Tebano and Tabe, 1993; Lieber, 1994; Takeda and Mad, 1996
New Caledonia Current movement, flowering or fruit bearing of selected trees, lunar Teuliéres, 1988

Papua New Guinea
Samoa, Cook Islands

Solomon Islands

Tokelau
Tonga
Tuvalu
Vanuatu

cycle
Eddies, currents, diftwood, lunar cycles, seasonal periods
Lunar cycle, tidal movement, wind movement (speed and direction)

Lunar cycle; wind pattems; flowering, shedding and the re-growth of
leaves of certain plants, wind and tidal movement, wet and dry seasons

Lunar cycle

Tidal movement

Celestial movements, lunar cycle, tidal moverent

Solar cycle, lunar cycle, wind, tidal patterns, cold and warm seasons,
yam planting season

Groves, 1936; Carrier, 1982; Hamilton et al., 2005

Mokoroa, 1981; Kramer, 1994; Herdrich and Armstrong,
2008; Solomona and Vuki, 2012; Levine and Sauafea-Le’au,
2013

Akimichi, 1978; Gina-Whewell, 1992; Takekawa, 2000; Atu,
2005; Sabetian and Foale, 2006a

Ono and Addison, 2009
Vaea and Straatmans, 1954; Kronen, 2002b
Kennedy, 1929; Turbott, 1950

Mondragon, 2004; Hickey, 2006
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Regional Programme

Integrating Climate and Ecosystem Dynamics in the
Southern Ocean

Sustained Indian Ocean Biogeochemical and Ecological
Research

Ecosystem Studies of Subarctic and Arctic Seas
Climate Impacts on Top Oceanic Predators

Continental Margins working group

Human Dimensions Working Group

Integrated Ocean Carbon Research Working Group

SOLAS-IMBeR Ocean Acidification Working Group

Interdisciplinary Marine Early Career Network

Acronym

ICED

SIBER

ESSAS

CLIOTOP

CMWG

HDWG

I0C-R

SIOA

IMECaN

Aim

better understand integrated circumpolar dynamics of climate and ecosystems
in the Southern Ocean to support sustainable management approaches
(Murphy et al., 2008)

understand biogeochemical cycles and their interactions with marine
ecosystem dynamics in the Indian Ocean (Hood et al., 2011, 2016)

quantify and predict the impact of climate change on the productivity and
sustainability of Subarctic and Arctic marine ecosystems (Drinkwater et al.,
2012)

worldwide perspective of open ocean ecosystems and interactions of top
predators (Lehodey and Maury, 2010; Hobday et al., 2017)

address global, regional, local, and human pressures interactively affecting
continental margin biogeochemical cycles, marine food webs, and society
understand interactions between human and ocean systems, recognising that
humans not only influence ocean systems, but also depend on ocean systems
for goods and service (Guillotreau et al., 2018)

better understand and quantify the ocean carbon cycle in light of the rapid
changes that are currently occurring and will occur in the near future
coordination of international research efforts and synthesis activities in ocean
acidification

Provide a networking, training, and leadership platform to develop
collaborations, foster international networks, and offer opportunities to marine
early career professionals.

Note that in this perspective we focus mainly on the Regional Programmes.
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Hypothesis Scenario Biomass  Fishing Trophic PP Time series
effort effects anomalies data
Changes in fishing effort alone explains observed biomass Fishing only, default X X
and catch changes over time vulnerability, v = 2
Fishing changes the biomass proportions of model Fishing + vulnerability search X X X
compartments causing trophic effects and biomass
changes in model groups
Changes in fishing effort and parallel changes in primary Fishing, default X X X
productivity cause observed changes in catches and vulnerability + Primary
biomass of compartments production anomaly
In addition to the above listed (3) trophic control Fishing + vulnerability X X X X
mechanisms also drive observed changes search + Primary production
anomaly
In addition to the above listed (3) environmental parameters Fishing + vulnerability X X X X

that explain additional inter-annual fluctuations and
long-term trends in catches and biomass

search + Environmental time
series

Selection of five model scenarios, including a combination of time series data [Yearly Biomass (/km?), fishing effort (days fishing), trophic effects (vulnerability setting by
predator, between 0 and 100)], primary production anomalies, time series data of several climatic and physical factors forcing primary productivity.
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IFK Status

Nomenclature systems EN,
EX

Traditional fishing gear R

Traditional fishing methods EN, EX

and techniques

Customary fishing calendars ~ EN

Marine and freshwater R
resource biology and
behavior

Driver of loss

Loss of language usage
Distance from elders in fishing communities
Focus on commercialized species

Introduction of new and efficient fishing gear

Loss of interest in fishing
Utban dift

Availabity of marine and freshwater resources in
supermarkets and markets

Knowledge not passed to next generation
Ciimate change affecting seasonal markers such
as flowering seasons.

Loss of interest in fishing

Suggestions for conservation enrichment

Listen to elders’ stories of fishing and species

descriptions

- Document elder fisher's species descriptions

- School children projects to get local names of
marine and freshwater resources from their elders

- Limit or ban on new fishing gear which does not
allow species to escape.

- Create awareness on traditional fishing gear
making

- Involve younger generation in making fishing gear

- Raise awareness on traditional methods and
techniques

- Document traditional fishing methods

- Encourage research into IFK

- Involve younger generations to use traditional
fishing methods are used

- Promote IFK using modem  communication
methods

- Document customary calendars and signs

- Documenting ILK on fishery biology and behavior

- Support empirical research on ILK to highlight the

science behind traditional knowledge

IFK status: EN, Endangered; EX, Extirpated; R, Rare.
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The vulnerability settings for each predator group are displayed, resulting in the lowest model sum of square calculated by the fitting procedure. Trophic interactions are
labeled B: bottom—-up interaction with v < 2, T: top—down interaction with v > 2, and D: default setting.
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Functional group Fishing effort Trophic PP
effects anomaly
Cephalopods Gillnets X
Corvina and snook X SLP
Crabs Manual, SI shrimp SLP
Eel SLP
Jacks and pompano Chly
Lobster Art. manual Chly
Mackerel and barracuda Chlg
Rays and sharks Longline X Chlg
Shrimps Sl shrimp, Art. gillnets X
Small demersals Sl shrimp Chlg
Small pelagics Sl sardine X Chlgy
Total reduction model SS  —24.91 —18.52 —69.30

(—60.56)
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Fishing effort Fishing effort, trophic effect and SLP Fishing effort, trophic effects and Chla

Species SSE SSR TSS SSE SSR 7SS SSE SSR TSS

Cephalopods 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Crabs 0.0012 0.0001 0.0013 0.0012 0.0001 0.0013 0.0012 0.0001 0.0013
Jacks and pompanos 0.0213 0.0115 0.0328 0.0166 0.0077 0.0243 0.0115 0.0041 0.0156
Large corvina and snook 0.0226 0.0132 0.0358 0.0185 0.0124 0.0309 0.0297 0.0182 0.0479
Lobster 0.0001 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Morays and eel 0.0278 0.0175 0.0453 0.0136 0.0039 0.0174 0.0180 0.0107 0.0287
Rays and sharks 0.0481 0.0225 0.0706 0.0330 0.0119 0.0449 0.0307 0.0091 0.0398
Shrimps 0.8307 0.6720 1.5027 0.9318 1.0685 1.9904 0.9409 1.0539 1.9948
Small demersals 9.8339 9.0453 18.8792 8.1687 7.9805 16.1492 3.5483 3.4970 7.0453
Small pelagics 14.6412 8.3203 22.9615 11.6363 5.0199 16.6562 6.9506 2.1752 9.1258

The lowest SSE, SSR and TSS values, indicating the model scenario with the best model fit, are marked in bold. (1) Fishing effort only; (2) fishing effort, trophic effects
and Sea Level Pressure (SLP) forcing phytoplankton productivity; (3) fishing effort, trophic effects, and Chlorophyil-a concentrations forcing phytoplankton productivity.
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