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Editorial on the Research Topic 
Nature-based solutions for climate change adaptation


Nature-based Solutions (NbS) have emerged as a viable option to restore and maintain natural ecosystems while delivering important co-benefits such as mitigating extreme events and reducing vulnerability. Additionally, NbS provide a means to tackle societal, environmental, and economic challenges, and biodiversity decline, and present an alternative to traditional engineering solutions. In the United Nations (2022) definition, NbS are “actions to protect, conserve, restore, sustainably use and manage natural or modified terrestrial, freshwater, coastal and marine ecosystems which address social, economic and environmental challenges effectively and adaptively, while simultaneously providing human wellbeing, ecosystem services, resilience and biodiversity benefits.” Co-benefits may include, for instance, mitigation for extreme events, improved water quality and availability, carbon sequestration and storage, recreational and cultural values, and reduced vulnerability. As climate change impacts increase in severity, and climate change adaptation becomes crucial in adjusting to changing conditions, NbS have become a novel area of focus for adaptation both at the community, regional, and global scales.
It is our pleasure to present this Research Topic of Frontiers in Environmental Sciences, focused on Nature-based Solutions and Climate Change Adaptation, which includes 12 articles, representing work by 126 authors from around the world. Together these contributions explore this rapidly evolving field through a range of perspectives, methodologies, and disciplinary approaches.
Several of the studies examine NbS through the lens of the provision of ecosystem services and biodiversity. Although the relationship between ecosystem services and NbS can be nuanced, and sometimes ambiguous (Remme et al., 2024), ecosystem services are generally understood to be one of the operational mechanisms through which NbS deliver benefits. Enhancing biodiversity and ecosystem functions further supports resilience by stabilizing ecological processes, buffering against disturbances, and providing adaptive capacity. For instance, mangrove restoration not only sequesters carbon but also protects coastlines from storm surges, illustrating the dual role of ecosystem services in mitigation and adaptation. The studies touching upon this theme encompass the valuation, enhancement, and trade-offs of ecosystem services such as carbon sequestration, water regulation, pollination, and biodiversity conservation. They highlight the role of both restored and conserved ecosystems in delivering critical services that underpin human wellbeing and ecological stability. From a methodological perspective, studies implement techniques based on spatial modeling and ecosystem services assessment, including meta-analytic value transfer, that allow characterization of service flows under different land use and climate scenarios. From this Research Topic, McDonald et al. assess NbS by examining the linkage between global mitigation efforts and local ecosystem service outcomes.
Environmental economics and planning form another key theme. Economic justification is essential to scaling and mainstreaming NbS. By demonstrating positive benefit-cost ratios and long-term returns, economic analyses validate NbS as viable alternatives to grey infrastructure. Investment planning frameworks also help prioritize resilience-building interventions in regions with limited resources, ensuring efficient allocation of funds. By employing spatially explicit economic assessments, discounting methods, and scenario-based planning, the studies analyze the financial returns of restoration and conservation initiatives. These approaches inform policy development and support private sector investment by quantifying the economic viability of NbS. Studies in this field employ spatially explicit economic assessments, including discounting methods and scenario-based investment planning, to evaluate the returns on restoration and conservation projects. These analyses are crucial for informing policy and attracting private sector investment. In this Research Topic, van Zanten et al. examine developing a national policy for mangroves in Indonesia by explicitly using cost-benefit analysis.
While challenging to implement, effective governance, policy, and institutional frameworks are prerequisites for successful NbS deployment. Policies that integrate NbS into planning processes, provide technical guidance, and ensure cross-sectoral coordination enhance the scalability and sustainability of resilience strategies. Institutional support may ensure that NbS are maintained and monitored over time. Regulatory, institutionfal, and policy mechanisms may either enable or constrain NbS implementation. Several studies examine the enabling and constraining roles of policy and governance mechanisms. Research in this area examines the development of standards, stakeholder coordination, and the role of government support in facilitating NbS implementation. Methodologies include policy analysis, stakeholder mapping, and institutional diagnostics. Morris et al. use stakeholder engagement to identify challenges to NbS in the context of managing coastal hazards and protection.
Community involvement is equally critical for the uptake and effectiveness of NbS. Engaged communities are more likely to support and maintain interventions, enhancing their long-term climate resilience (Puskás et al., 2021). Moreover, equity considerations ensure that NbS reduce vulnerability for marginalized populations and promote inclusive adaptation. Studies presented here examine the social dimensions of environmental interventions, including public awareness, stakeholder participation, gender dynamics, and conflict resolution. Studies utilized surveys, participatory mapping, and qualitative interviews to assess community perceptions and engagement levels. In this Research Topic, planning approaches presented in Box et al. in Southeast Australia address fnatural hazards by proposing a method to enabling councils to develop resilient investment cases, and Donatti et al. describe how grassland restoration practices can reduce human-wildlife and social conflicts in Kenya.
In both rural and urban contexts, strategic planning is crucial to ensure the feasibility and effectiveness of NbS. Urban areas face distinct challenges such as heat islands, stormwater management, and air pollution. Incorporating NbS into urban planning can significantly enhance resilience while improving environmental quality. Strategic planning also ensures that green spaces are equitably distributed and accessible (Benati et al., 2024). Studies in this Research Topic examine spatial planning, land consumption, and the integration of green infrastructure in urban and peri-urban areas. Methods and tools to analyze scenarios include GIS-based land use modeling, urban growth simulations, and green infrastructure standards. In this Research Topic, Teerlinck et al. examine small-scale NbS in urban settings, and their spatial and ecological importance, and Schaffert et al. focus on how visualization and spatial awareness can help communities manage land preservation.
Hydrological and coastal dynamics are central to many NbS, particularly in flood-prone and coastal regions, which are experiencing ever increasing impacts with climate change. Understanding these processes is essential for designing interventions that are both effective and resilient. For example, levee setbacks and marsh terraces must be engineered to optimize sediment retention and wave attenuation under varying flow conditions. Studies in this Research Topic examine water flow, sediment transport, flood risk, and coastal erosion in relation to ecological restoration. Studies employed hydrodynamic modeling, sediment analysis, and field experiments to understand the physical processes that influence NbS performance. To illustrate these in our Research Topic, Jung et al. test and evaluate marsh terrace design for resilience to storm conditions among other factors, and van den Berg et al. examine the stability of tidal marsh vegetation to high flow velocities as an alternative to dike development. Calderwood et al. identify the trade-offs in groundwater recharge and floodplain habitat in the context of levee setbacks.
Finally, the geographic scope of the studies in this Research Topic spans from local to global. Local contexts matter, and governance systems, ecological conditions, and cultural factors are often highly place-specific. Initiatives such as the UK’s Natural England or Louisiana’s Coastal Master Plan offer valuable lessons. In this Research Topic, Grace et al. describes the evolution of standards for green infrastructure in the UK, and Carruthers et al. identify critical gaps for the financial viability of blue carbon accreditation in Louisiana. However, direct transfer of such models is not always feasible. Ecological characteristics (e.g., species composition of mangroves or marshes) and social contexts require tailored solutions. Similarly, ecological characteristics (e.g., species composition of mangroves, grasslands, or marshes) require local adaptation. Cultural and social dynamics are deeply rooted in local contexts. Policy frameworks like green infrastructure standards and blue carbon accreditation provide opportunities for communities and regions for shared planning outcomes. In addition, ecosystem service valuation techniques can be adapted to different biophysical and socio-economic contexts.
Each of the studies in this Research Topic covers a specific topic with wider insights for designing, evaluating, analyzing, siting, and managing NbS in the context of climate change adaptation. Across the world, NbS activities have been used to upgrade water systems, reduce heat island effects, improve stormwater management, green infrastructure building and upgrading efforts, and provide multifaceted benefits to both ecosystems and communities.
Despite the growing interest in NbS, further research is needed to build a stronger conceptual and technical foundation. Key areas include defining metrics for effectiveness, understanding ecological trade-offs, scaling successful models, and integrating NbS into multi-level governance frameworks. By synthesizing insights from ecology, economics, governance, and community engagement, this Research Topic demonstrates the rich interdisciplinary nature of NbS research. The articles featured here contribute to filling these gaps, offering evidence and tools to support more informed decision-making in both developed and developing contexts. The research presented could unveil key insights in applicability, measurement, effectiveness, and scalability. These findings can be used to improve research, design implementation, and decrease the negative impacts of climate change.
We thank all contributing authors for their dedication to advancing knowledge in this critical field. We are delighted to present this Research Topic as a resource for researchers, policymakers, and practitioners working to address the global climate challenge through nature-based innovation.
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Coastal flood risk is expected to increase due to climate change and population growth. Much of our coastlines is protected by “grey” infrastructure such as a dike. Dike maintenance and strengthening requires ever increasing capital and space, putting their economic viability in question. To combat this trend, more sustainable alternatives are explored, also known as Nature based Solutions. A promising option has shown to be tidal marshes. Tidal marshes are coastal wetlands with high ecological and economic value. Also, they protect dikes through wave attenuation and in case of a dike breach reduce its development. However, the effectiveness of a tidal marsh on reducing dike breach development rates highly depends on the stability of the tidal marsh itself. Not much is known about the stability of a tidal marsh under dike breach conditions, which are accompanied with flow velocities that can reach 4–5 m s−1. In this study we tested the vegetation response and erodibility of a mature tidal marsh, in-situ, under high flow velocities ([image: Please upload the image or provide a URL so I can generate the alt text for you.]0.5 m s−1). Our results confirm that tidal marshes similar to the one tested in this study are highly erosion resistant with low erodibility. More research is necessary to confirm this for tidal marshes with different soil and vegetation properties. For tidal marshes similar to what is tested thus far, erosion under dike breach conditions is negligible and other erosion mechanisms such as headcut erosion probably dominate the erosion process.
Keywords: tidal marsh, erodibility, flow, in-situ, dike breach, flood risk, coastal adaptation

1 INTRODUCTION
A Low Elevation Coastal Zones (LECZ) is defined by McGranahan et al. (2007) as “contiguous area along the coast that is [image: It seems like there was an issue displaying the image. Please try uploading it again, or provide a URL for the image so I can help generate the alt text.]10 m above sea level”. While they only cover roughly 2% of the world’s land area, LECZs harboured over 10% (625 million) of the global population in 2000 (McGranahan et al., 2007). The number of people living in LECZs is expected to grow by population growth, urbanization and coastal migration, while LECZs themselves expand due to (relative) sea level rise. Neumann et al. (2015) predict that by 2030 LECZ population ranges from 879 to 949 million (11%–12% of the estimated global population in 2030). MacManus et al. (2021) refined the method by McGranahan et al. (2007) and found [image: Please upload the image so I can help generate the alternate text for it.]815 million people were already living in LECZs in 2015.
Meanwhile, LECZs experience increased flood risk due to climate change induced sea level rise, increased storm intensity associated storm surges and ongoing land subsidence. Sea level rise causes the frequency of extreme water levels to double in the Tropics by 2030 (Vitousek et al., 2017), and doubles the odds of exceeding 50-year extreme water levels every 5 years along the U.S. coast (Taherkhani et al., 2020). Global extreme sea level projections show current 100-year extreme sea levels to be annual in the tropics by 2100 (Vousdoukas et al., 2018). At the same time, land subsidence compounds to flood risk as more area is susceptible to flooding (Shirzaei et al., 2020; Johnston et al., 2021; Nicholls et al., 2021; Fang et al., 2022; Tay et al., 2022). Besides, global coastal overtopping has already occurred 50% more often between 1993 and 2015 and is expected to accelerate faster throughout the 21st century (Almar et al., 2021). Kirezci et al. (2020) estimate that without coastal defences or adaptation measures an estimated 2.5%–4.1% of the global population will be at risk of flooding by a 100-year returning periodic event by 2100 under RCP8.5, which is 50% more than present day. Moreover, they mention that for most of the world, a 1 in a 100-year flood event could occur as frequently as once in 10 years by 2100. Although coastal defences are already built in many places and by 2100 coastal protection measures are likely widespread, this does highlight the scale and necessity of adapting current coastal protection strategies for such scenarios.
Much of the (urban) coastlines in LECZs is protected by hard “grey” flood defence structures such as dams, dikes, seawalls and storm surge barriers. A good example is the Netherlands which in 2000 had a total of 12 million people living in a LECZ (74% of its total population) ranking it third in the world (McGranahan et al., 2007). In the Netherlands a total of 3400 km of dunes, dams and dikes protect 60% of the country’s land which would otherwise be (regularly) flooded by sea, rivers and lakes. Apart from dunes, which is not a “grey” structure, this highlights the reliance of population in some LECZs on “grey” flood defences. Furthermore, continuous maintenance of these conventional flood defences is increasingly costly and typical strengthening of dikes (heightening and widening) becomes spatially or financially unfeasible. Much of the land side of dikes is already in use (urban, rural and industrial land use), while expansion at the water side is not always possible due to the presence of shipping channels, protected nature, or construction limits. Where space is available, instead of conventional strengthening more sustainable methods for flood protection are explored where nature is given more emphasis. These solutions are referred to as Nature based Solutions (NbS). Nature based Solutions aim to first understand the biophysical, socioeconomic and governmental aspects of systems. This leads to more balanced and resilient solutions (Temmerman et al., 2013).
One of the most promising NbS to flood protection is a tidal marsh. Tidal marshes are a type of coastal wetland (amongst intertidal flats, seagrass meadows and mangrove forests) characterised by their elevation (around mean high water) and frequent tidal flooding. Globally, an estimated 50% of the coastal wetland area has been lost since 1900 and 87% since 1700 (Davidson, 2014; Scott et al., 2014). Anthropogenic impacts such as land reclamation, sediment supply deprivation (fluvial dams) and accelerated sea level rise have been identified as main contributors to this loss (Scott et al., 2014). Also, decades of coastal squeeze (Pontee, 2013) by flood defence infrastructure has led to drowning of coastal wetlands. Most of the area loss occurred while the value of coastal wetlands (tidal marshes in particular) to ecosystems was largely unknown (Gedan et al., 2009). Barbier et al. (2011) identified seven ecosystem services by tidal marshes: biodiversity, erosion control, water purification, maintenance of fisheries, carbon sequestration, coastal protection and tourism, recreation, education and research. Moreover, salt marshes have the ability to grow with sea level rise via sediment accretion (Stralberg et al., 2011; Morris et al., 2016; Mitchell et al., 2017; Horton et al., 2018; Saintilan et al., 2022). The same studies also show that tidal marshes are vulnerable when sea level rise rates exceed the maximum accretion rate. However, Kirwan et al. (2016) argue that this vulnerability is often overestimated as the used process-based models do not capture biophysical feedback processes and inland migration. Different rehabilitation techniques exist to stimulate tidal marsh development. These typically focus either on vegetation (planting pioneer vegetation and invasive species control), modifying local hydrodynamics (tidal exchange and wave climate), creating land (using dredges materials or enhancing sediment accumulation) or a combination (managed realignment) (Billah et al., 2022). The success of such techniques highly depends on identifying causes, opportunities and proper evaluation (Waltham et al., 2021; Billah et al., 2022). Also, some strategies like managed realignment, where a dike is relocated land-inward, may encounter heavy resistance from local communities (Bax et al., 2023).
The flood protection property of tidal marshes is mainly attributed to their ability to attenuate waves. The incoming wave energy on a tidal marsh is dissipated through depth-induced wave breaking, increased bottom friction and flow drag by vegetation (Möller et al., 1999), sometimes even under storm surge conditions (Möller et al., 2014; Temmerman et al., 2023). As a result, wave loads on flood defences such as dikes are reduced, lowering dike failure probability (Vuik et al., 2016). The second flood protection property is a reduction of flood impact in case of a dike breach (Zhu et al., 2020; van den Hoven et al., 2023). Zhu et al. (2020) studied historic dike breaches in the Netherlands and found that breaches where a tidal marsh was present were significantly smaller. The primary underlying mechanism is a water depth limitation in front of the breach by the high elevation of the tidal marsh. This limitation results in lower flow velocities through the breach (as compared to the situation without a tidal marsh), reducing dike erosion rates and breach discharge. Consequently, the inundation rate of the hinterland is reduced, reducing damages and increasing evacuation time. A secondary mechanism is the tidal marsh acting as a sill in front of the breach. When the storm surge level drops below the tidal marsh elevation, the tidal marsh separates the outside water from the inundated land. Under normal conditions the hinterland is then protected by the tidal marsh. The separation by the tidal marsh temporarily protects the hinterland allowing emergency response and breach repair. Thus, tidal marshes play a large role in mitigating flood risk and can be said to be twofold: 1) reduce flood probability and 2) reduce flood damage.
However, quantification of the effect of tidal marshes on flood damage is yet unknown. The quantitative effect of tidal marshes on flood damage is directly related to the reduction in breach growth. Dike breaches are modelled in various ways, from parametric models to detailed physics-based models, where each model has its advantages and disadvantages (Peeters et al., 2011). However, to the best of the authors knowledge, no dike breach model explicitly takes foreshores (land in front of the dike), like a tidal marsh, into account. This leads to an ill representation of dike breach hydrodynamics when foreshores are present. The stability of the foreshore affects the hydrodynamics and thus breach erosion processes. An easily eroded foreshore is less effective than a hardly eroding foreshore in reducing breach growth. Likewise, breach growth determines the foreshore area affected by the breach. Tidal marsh soil stability studies focus mainly on normal conditions (tidal cycles, river discharge and wind waves) with flow velocities typically up to 0.5 m s−1 (Bouma et al., 2005), while up to 4–5 m s−1 is possible during a dike breach (Liu et al., 2023). Thus, to better understand the coupled foreshore-dike system, knowledge of foreshore (here: tidal marsh) erosion under dike breach conditions is necessary.
A simple approach to represent a tidal marsh in dike breach modelling is to define a relatively high constant bed level at the water side of the dike. Such an approach can be valid if no tidal marsh erosion occurs under dike breach conditions. So far, little attention is given to the erosion processes of tidal marshes in case of a dike breach. This study aims to test the assumption of a constant bed level via an in-situ experiment with a tidal marsh. Flow flumes were created in the field to achieve flow velocities exceeding 0.5 m s−1. During the experiment, the vegetation response to flow and its effect on the flow were observed. Jet Erosion Tests were done to obtain tidal marsh soil parameters typically used to estimate the amount of erosion. Bed level changes were measured to test the assumption of a constant tidal marsh bed level under dike breach conditions.
2 MATERIALS AND METHODS
2.1 Experimental site
The tidal marsh considered in this study was located along the Western Scheldt, next to the Hedwigepolder, the Netherlands (Figures 1A–C). The Hedwigepolder is part of a managed realignment project at the Dutch-Belgium border for which part of the Dutch tidal marsh was excavated. Prior to excavation, the tidal marsh was available for in-situ experiments. The experiment took place between 27 November and 6 December 2020, meaning the tidal marsh was in winter condition (and comparable to) when a dike breach is most likely to occur. Next to the tidal marsh, a 6 m high dike (relative to the tidal marsh level) protected the Hedwigepolder (Figure 2). The dike outer slope (water side) was 1:4 with a 7 m wide 1:14 berm section. A grass cover protected the upper part of the slope, while the lower 9 m of the outer slope was protected by a concrete column revetment. The flow flumes were constructed from the dike crest, along the outer slope to the dike toe and on the tidal marsh.
[image: Map showing a four-panel layout with a focus on the Netherlands-Belgium border. Panel A highlights the Netherlands and Belgium. Panel B shows a closer view of the border area. Panel C zooms into the Western Scheldt region, and Panel D focuses on a tidal marsh area highlighted in yellow near Schorren.]FIGURE 1 | Overview of the location of the field experiment. (A) Area at the Dutch-Belgium border (B) Zoomed in on Western Scheldt at the Dutch-Belgium border, with Antwerp in the bottom right. (C) Zoomed in on the Hedwige-Prosperpolder, with the Western Scheldt in the top right and Drowned land of Saeftinghe in the top left (D) Zoomed in on the project site, with the yellow rectangle indicating the experimental site.
[image: Cross-section diagram of a dike along the Western Scheldt, showing various structural components. It includes a tidal marsh, concrete columns, outer slope, and sand core. Heights vary from zero to five point two meters, with grass cover on top. Dimensions and slopes are labeled, illustrating distances and angles.]FIGURE 2 | Dike cross-section with tidal marsh at the experimental site.
Schoutens et al. (2022) measured soil and vegetation characteristics at the tidal marsh 50 m North of the experimental site at end of January 2021 (Figure 1D). In this study we adopt their results, based on the assumption that in the proximity of this location, soil and vegetation conditions are also representative of our site. We confirmed this via visual observations of the vegetation density and state, and soil composition. Schoutens et al. (2022) measured large silt and clay fractions (72% and 17%, respectively), typical for tidal marshes. Organic matter content was measured at 20% and dry bulk density at 0.64 g cm−3. Shear strength at the surface was 13.01 kPa and at 10 cm depth was 31.75 kPa, which is likely affected by the many roots and rhizomes in the top layers. However, shear strength at the surface and at depth were determined with different devices. Brooks et al. (2023) show that comparing results between such devices should be done with caution.
The tidal marsh was homogeneously covered with Phragmites australis (common reed). Basal shoot diameter and shoot length were on average 0.46 and 204 cm, respectively. Flexural stiffness (resistance to bending) was 0.19 N m−2 and Young’s modulus (tensile strength) 6.7 × 109 N m−2. The low flexural stiffness indicates that little force is required to significantly bend the reed stem. The high Young’s modulus (comparable to aluminium) indicates that the reed stems are able to withstand high strain loads (which increase as the bending angle increases) before breaking.
2.2 Flow flumes
The flow flumes were created using the Overflow Generator (OG), designed by Flanders Hydraulics for the Polder2C’s project (Vercruysse et al., 2023). The OG is designed to simulate continuous overflow of dike inner slopes over a 2 m wide section, for which it is placed on the outer slope facing the dike crest. For this study, the OG was placed on the dike inner slope instead, but also facing the crest (Figure 3). This way, the outflow water accelerated along the outer slope to the tidal marsh. Water was supplied to the OG using a pump installed at a nearby water source (here: the polder) and connected to the OG dissipation box using steel pipes. The pump used for the experiment had a maximum discharge capacity of 0.4 m3 s−1. The dissipation box spreads pump discharge equally over the width of the OG and dissipates most of the turbulence. A bridge element was used to cross the dike crest and link the OG with the flumes on the outer slope. Leakage was prevented as much as possible using EPDM (ethylene propylene diene monomer) sheets. From the bridge element to the dike toe, the flumes were constructed from concrete plywood planks supported by wooden piles (Supplementary Figures S1–S3). First, an approximately 10 cm deep incision was made in the grass cover in which the concrete plywood plank was placed. Then, the piles were hammered into the grass cover next to the planks and fixed with screws. At the concrete revetment, wooden supports (upside down T-shape) made from said piles were used and fixed with concrete screws (Supplementary Figure S4). The inside of these flumes (bottom and sides) was covered with blue plastic sheets to prevent grass cover erosion and minimise leakage. Sometimes, flumes were extended over the tidal marsh, see Section 2.3. Approximately 3 m behind the end of these flumes, a large trench was dug (1.5 × 1.5 m, cross-section) to drain the water exiting the flumes to the Western Scheldt.
[image: An outdoor scene depicting a water management setup in a rural area. Labels indicate various components: pump location, water basin, measurement cabin, pump regulator, power generator, overflow generator, pipe inlet, dissipation box, flow direction to tidal marsh, and bridge element. The background includes a grassy landscape and a cloudy sky.]FIGURE 3 | Overview of the Overflow Generator. Note: pump and pipes not yet installed.
2.3 Setup and monitoring
Three sections were tested in proximity of each other, see Figure 4. Close proximity prevents the need to move the OG, and minimises construction time and costs of the flumes. Also, it reduces the variation in soil and vegetation characteristics between the sections. The first two sections were tested for tidal marsh vegetation response and surface erodibility and the third for erodibility of deeper sediment layers. Section 1 was used to initially test the setup and then test the tidal marsh. Lessons learned from Section 1 were applied to Section 2. For Section 1 and Section 2 the flow flumes were extended 10–11 m onto the tidal marsh (Supplementary Figures S5, S6). The first 5 m of tidal marsh was mowed, of which the first 3 m covered with the blue plastic sheets to prevent erosion at the dike toe transition. Bed level measurements were done over a 5 m stretch, starting from 1 m after the end of the plastic sheet, see also Section 2.5. For Section 3, an approximately 1 m deep, 0.5 m wide trench was dug with an excavator (Supplementary Figure S7). All vegetation was mowed for easy access and because they were not of interest in this section. At the dike toe the tidal marsh was excavated to meet the bottom of the trench. The flume was narrowed to 0.5 m to achieve larger flow depths and consequently more soil area to erode. A scaled schematic of the setup is shown in Figure 4. The trench of Section 3 was directly connected to the drainage trench. Vegetation between flume exit and drainage trench was mowed to let the flow freely exit the flume.
[image: Diagram depicting a cross-sectional view of a dike and tidal marsh system. Panel A shows the layout, including metal frames and concrete columns, with labeled sections and flow direction. Panel B illustrates a side view of the dike structure with measurements, slopes, a sand core, and vegetation on the tidal marsh.]FIGURE 4 | (A) Scaled schematic top view of the experiment setup. The Overflow Generator (OG) is indicated by the dark grey rectangles, the plastic sheets in purple and vegetation by the green circles (excl. vegetation outside of sections). The junction at the exit of the OG was not present during the experiment campaign, instead the flume panels were adjusted to connect with a section downstream directly. (B) Flumes are indicated by the light grey polygon. The red dotted line represents the bottom of the trench from Section 3. The tidal marsh has overgrown the concrete column revetment, which now extents below the tidal marsh to the dike outer toe.
Pump discharge was set by adjusting the pump frequency through a voltage regulator. An acoustic sensor on the inflow pipe measured the inflow discharge. On a local computer, the discharge was monitored and logged. Flow depth was measured manually with gauges at locations D1, D2, and D3 (Figure 4A). Secondly, pressure sensors were installed close to the bed at locations D2 and D3. A third pressure sensor at D2 was installed as barometer. Visual monitoring was done using a Go Pro Hero 7 Black at D2 and an Olympus TG-4 looking vertically downward from the metal frame.
2.4 Test series
The full experiment duration was 7 days, including (de) construction of the test setup and sections. The number of runs and the duration were limited by daylight and equipment availability. Therefore, each section was tested during a single day. Tests consisted of two to four runs of at least 30 min, see Table 1 for an overview. With each run, the discharge was increased until the maximum practical discharge is reached (0.34 m3 s−1 due to friction and head losses, which only occurred once for Section 2). For Section 1, the first two runs were done with a relatively low discharge to test the setup, investigate the initial response of the vegetation and capture the moment the tidal marsh erodes, if any. Based on the observations and results from Section 1, a higher initial discharge was chosen for Section 2. For Section 3, only two runs were possible with an effective maximum discharge of 0.24 m3 s−1, as above this discharge large volumes of water escaped the flume at the trench entry by overflowing trench edges due to the width constriction. From this point, discharge Q refers to the specific discharge used for a run.
TABLE 1 | Summary of test series.
[image: Table displaying parameters and units for discharge and duration across three sections and four runs. Section 1 shows discharge values ranging from 0.044 to 0.340 cubic meters per second, with durations between thirty and forty-five minutes. Section 2 has discharge values from 0.120 to 0.340 and durations of thirty to sixty minutes. Section 3 shows discharge from 0.180 to 0.240, with thirty-minute durations.]The flow depth (d) is obtained from both manual measurements (depth gauges and probes) and the pressure sensors. Pressure sensor measurements are post-processed with the barometer measurements to account for atmospheric pressure fluctuations. Depth-averaged flow velocities (U) are calculated by dividing the effective discharge (Q) by the wetted area: U = Q/(W ⋅ d), where W = 1 m is the flume width. Froude number is calculated as: Fr = U/(g ⋅ d)0.5, where g = 9.81 m s−2 is the gravitational acceleration.
2.5 Bed level measurements
Bed levels are measured before and after each run using a probe with 0.5 cm accuracy. Bed level changes are calculated as the difference between subsequent corresponding measurements. Measurements for Section 1, Section 2 were taken in a 5 × 11 rectangular grid (Figure 5A) using slats with markings every 10 cm placed across the flume. For Section 3, the depth across the trench is measured every 0.5 m from the end of the protective plastic sheet (orange markings, Figure 5A) at three locations (left, centre and right, Figure 5B). The same technique as for Sections 1 and 2 is used. The width of the trench is obtained at the start from the distance between the left and right measurement.
[image: Diagram showing a layout of a flow system. It includes a flow direction indicated by an arrow pointing right across sections labeled with different lengths, and various features. A cross-section on the right displays dimensions labeled DB, DS, and DC, representing different depths.]FIGURE 5 | (A) Top view of the bed level measurement grid for Section 1 and Section 2. Each black cross represents one measurement point. The grey rectangle is the metal frame placed over the test section to mount a downwards facing camera. (B) Cross section example of the trench in Section 3 showing bed level and trench width measurement methods.
To determine if vegetation has a significant effect on the measured erosion, an one-factor ANalysis Of VAriance (ANOVA) test (Ståhle and Wold, 1989) is done for Section 1, Section 2. The bed level changes along the measured 5 m of a section are split into two groups: mowed (x = 1–3 m) and vegetated (x = 3–6 m). An ANOVA test compares the variance between and within the two groups to determine if the chosen independent variable (here: presence of vegetation) is a source of significant difference. The result of an ANOVA test is the F-value. Significance is accepted if F > Fcrit, where Fcrit is determined from the F-distribution, given a significance level (α, here: α = 0.05). Similarly, significance is accepted when the computed probability (p) that F > Fcrit is less than the given significance level.
2.6 Jet Erosion tests
Soil erosion resistance and erodibility are obtained from laboratory Jet Erosion Tests (Hanson and Cook, 2004) using the scour depth approach (Daly et al., 2013). A total of seven sample cores were collected 8 April 2021 using 15 cm high steel canisters with a 10 cm diameter. All cores were sampled from the tidal marsh surface layer except for SD-1, which was sampled from the bottom of the drainage trench (1.5 m below surface level), see Figure 6. First, a suitable undisturbed location within vegetation was found near the experimental site. Then, the canister with a metal cap was placed at the desired spot and pushed vertically into the soil (Figure 7A). Using a metal sledgehammer the canister was further hammered into the soil until the cap was mostly flat with the surface. The soil around the canister was removed to free it (Figure 7B). If roots were present at the underside of the canister, they were cut using a sharp toothed knife. The canister was then lifted free, the cap removed and excess material from the top 1–2 cm cut off (Figures 7C,D). For transport, canisters were closed on both sides with a cap, marked and sealed air-tight using tape. Prior to testing, sample immersion time was extended to 1 hour instead of the standard 10 min to simulate tidal flooding of the tidal marsh (as had happened the week prior to the experiment). Furthermore, a jet diameter of 12 mm was used because the size of the roots (rhizomes) present in the sample cores were of the same order as the standard jet diameter (6.35 mm). The initial hydraulic applied stress was set to 250 Pa to represent in-situ estimated stresses. Only the wet bulk density could be measured from the samples. Assuming soil properties are comparable to those in Schoutens et al. (2022), we can use their bulk dry density measurements to estimate the water content.
[image: Aerial view with a detailed inset highlighting a specific area. Red dots labeled S3-1, S3-2, SD-1, SS-1, and SS-2 mark specific locations. Yellow text denotes sections. The main map includes a scale and landmarks referenced as Schoutens et al. (2022).]FIGURE 6 | (A) Overview of soil and vegetation measurements by Schoutens et al. (2022) and JET soil sample locations (SS-1 and SS-2, taken at tidal marsh surface level). (B) Zoom in of JET sample locations around the experimental site. Samples S2-x, S3-x and SS-x were taken at tidal marsh surface level, while sample SD-1 was taken at the bottom of the trench (approximately 1.5 m below surface level).
[image: Four images labeled A to D show soil cores in different conditions surrounded by dry grass. Each core displays slight variations in moisture and texture, suggesting differences in soil composition or conditions.]FIGURE 7 | Sampling method for Jet Erosion Tests (A) Place canister at desired location (B) Hammer canister into ground and excavate around it (C) Extract sample and remove cap (D) Cut off top (1–2 cm) of the sample.
3 RESULTS
3.1 Hydrodynamics
Outflow released from the OG accelerated down the slope of the dike, reaching supercritical flow conditions before the dike toe transition to the tidal marsh. For all runs, the abrupt change in slopes (steep to flat) resulted in hydraulic jumps, causing large energy losses. A hydraulic jump is the sudden transition of a flow from supercritical to subcritical conditions and is accompanied with much air entrainment and high shear stresses. For low discharges (0.044 and 0.080 m3 s−1) the jump occurred before the end of the plastic sheet protected area. For the higher discharges the jump either occurred on the mowed tidal marsh, or where the vegetation started. All hydraulic jumps for sections 1 and 2 were of the oscillating type (Fr = 2.4–4.5), or steady type (Fr = 4.5–9.0). For Section 3 all jumps occurred at the start of the section, where the flume width narrows to 0.5 m. Due to stem density differences and leaf litter, differences in flow patterns were visually observed. Where stem density was lower or where stems bent significantly, higher surface flow velocities were observed.
The measured flow depths and calculated depth-averaged flow velocities and Froude numbers are presented in Table 2. For Section 1 and Section 2 depth-averaged flow velocities ranged from 0.23 to 1.33 m s−1, and consequently Froude numbers varied between 0.23 and 0.84. Near-critical conditions (Fr ≈ 1) were not achieved in the test area of the flume, but only occurred at the flume exit where the reed behind the flume was mowed. Unexpectedly, measured flow depths generally decreased slightly for discharges exceeding 0.080 m3 s−1 while, commonly, flow depths will increase with increasing discharge (provided the bed roughness remains unchanged). Simultaneously, vegetation bent more at higher discharges (see Section 3.2). Therefore, it appears that an increased discharge (flow velocity) is accompanied with a reduction in vegetation induced drag, resulting in a decreased flow depth at higher discharges. This is discussed further in Section 4.1.
TABLE 2 | Measured hydrodynamic parameters for each section and run, where Q is discharge, T is run duration, d is flow depth, U is depth-averaged flow velocity and Fr the Froude number. (*) Flow depth for Section 1 run 4 could not be accurately measured and thus omitted.
[image: Table displaying data for three sections with parameters Q, T, d, U, and Fr across four runs. Each parameter has values recorded with units specified. Some runs show uncertainties in measurements or lack data for certain parameters.]3.2 Vegetation response
Prior to testing Section 1 and Section 2, reed at the front of the section was already bent somewhat by wind or mowing. The rest of the reed stood (largely) upright, bended slightly by the wind. During the test runs the flow caused the reed to bend further, increasingly as the discharge increased. At low discharges (0.044 and 0.080 m3 s−1) bending was negligible, while at maximum discharge (0.34 m3 s−1) the reed bent as far as beneath the water surface. Stem response was not uniformly distributed along and across the flume. For Section 1, the reed at the right side (rows F-K) bent earlier, where also the stem density was visibly lower than at the left side (rows A-E). Even at the highest discharge, the tops of the stems (incl. foliage) remained visible (i.e., above the water surface). For Section 2, two stem patches near the end of the flume were visible during the first run, one at the right side (roughly x = 400–500 cm, rows H-K) and one somewhat further at the left side (at the lateral boundary of the test area and beyond). From run 2 onward, all vegetation in Section 2 bent to such an extent that the stems were entirely submerged. Once the discharge was stopped, stems were observed to recover quickly, with little to no broken stems. Within a few hours to a day the stems (almost) returned to their original position. The recovery ability of reed stems has also been observed (and measured) by Schoutens et al. (2022).
Leaf litter, accumulated in the sections between runs, built up in front of the shoots at low discharges. At higher discharges much of the leaf litter, though not all, would be transported and exit the flume. Even at maximum discharge some leaf litter would remain in the flume, captured between the stems. Where leaf litter remained, and between stems, eroded clumps of clay from the tidal marsh bed were found. These originated from within the test section or upstream from the test section (x = 0–100 cm). The presence of clay clumps indicate areas of low flow velocity.
3.3 Bed level changes
Measured bed level changes are shown in Figures 8, 9, and were of the order of centimetres. The eroded clumps of clay that were found between the stems and near the leaf litter deposits in Section 1 and Section 2 show up as sedimentation in the measurements. In Section 1 a maximum erosion of 5 cm was measured (after run 2). Erosion was generally larger at the right side of the flume (rows G-K), where also the highest flow velocities were observed (see Section 3.2). On the left side (rows A-D) mainly sedimentation occurred, where also vegetation appeared denser and showed less bending than on the right side. In Section 2 erosion was much more prominent, especially in the mowed region (x = 100–200 cm), although the observed maximum erosion was also 5 cm. A clear cause for the generally larger erosion in Section 2 was not found. We hypothesize that higher Froude numbers in this section lead to hydraulic jumps that generated higher bed shear stresses than in Section 1. Further down the flume (x = 300–600 cm) most erosion occurred in the centre (rows E-G), with only little erosion at the left side (rows A-D) and some sedimentation at the right side (rows H-K), again corresponding to locations where vegetation bent less or more. The observed erosion and sedimentation patterns suggest that vegetation might play an important role in determining the magnitude of erosion. However, ANOVA results for Section 1 and Section 2 respectively (F3.883 = 0.112, p = 0.73 and F3.877 = 3.613, p = 0.06), suggest that the presence of vegetation makes no significant difference. This discrepancy is discussed in Section 4.2.
[image: Five contour plots illustrating bed level changes over sequential runs, labeled Start, Run 1, Run 2, Run 3, and Run 4. Color gradient represents changes from blue for negative to red for positive differences. Horizontal axis shows distance along test section, and vertical axis shows distance across test section in centimeters. Each plot displays different patterns of erosion and deposition over time.]FIGURE 8 | Plot of bed level changes for Section 1. Top figure shows the initial bed level relative to the mean. Subsequent plots down show the bed level changes for each run, with respect to the top figure. Positive means sedimentation, negative means erosion. Flow is from right to left.
[image: Series of contour plots showing bed level and bed level changes across five stages: Start, Run 1, Run 2, Run 3, and Run 4. Color gradient from blue (lower levels) to red (higher levels) visualizes changes in bed levels measured in centimeters along and across a test section. Each plot offers progressive insights into the evolving measurements from start to subsequent runs.]FIGURE 9 | Plot of bed level changes for Section 2. Top figure shows the initial bed level relative to the mean. Subsequent plots down show the bed level changes for each run, with respect to the top figure. Positive means sedimentation, negative means erosion. Flow is from right to left.
Despite some sedimentation, the mean bed level in both Section 1 and Section 2 lowered with 0.71 and 1.81 cm, respectively (Figure 10). For both sections a period of initial erosion is observed for run 1 (in Section 1 for run 2 as well), after which subsequent runs did not increase the mean erosion. It is likely that mostly loose material and weak soil around vegetation stems erodes first. Afterwards, the mean bed level increased occasionally (Section 1, run 3; Section 2, run 2), or decreased marginally when either the discharge (section 1, run 4) or the run time (Section 2, run 4) were increased.
[image: Two box plots labeled "Section 1" and "Section 2" display bed levels relative to the mean at start, in centimeters, across five stages: Start, Run 1, Run 2, Run 3, and Run 4. Both plots show median lines, quartiles, and outliers. In both sections, a trend of decreasing bed levels is observed from Start to Run 4.]FIGURE 10 | Boxplots of the measured bed levels for (A) Section 1 and (B) Section 2. The zero bed level is set to the mean bed level measured at the start. Mean bed level for each run is indicated by the connected black markers. Boxplots are presented with a median (orange line), an IQR (inter-quartile range) box, whiskers extending ±1.5 IQR and fliers as open dots.
Regarding Section 3, the part upstream of x = 4 m is excluded from the analysis due to measurement errors (x = 0–2 m) and lack of data (x = 2–4 m). In the remaining part of this section a maximum erosion of 4.5 cm was observed (Figure 11). The soil strength at 1.5 m depth is similar to the strength at the surface (based on the JET results, see Section 3.4) which explains the similar magnitude of the erosion in Section 3 when compared to Section 1 and Section 2. However, although not measured, trench walls eroded significantly and more of the root network got exposed (Supplementary Figure S8).
[image: Three contour maps display bed level changes in a trench over time. The first map shows the initial state with varied colors. The second and third maps illustrate changes in Runs 1 and 2, highlighting erosion and deposition patterns with color gradients ranging from blue to red, indicating elevation differences. Axes represent distance along the trench and distance to the container wall in centimeters, with a color scale bar on the right.]FIGURE 11 | Plot of bed level changes for Section 3. Top figure shows the initial bed level relative to the mean. Subsequent plots down show the bed level changes for each run, with respect to the top figure. Positive means sedimentation, negative means erosion. Flow is from right to left.
3.4 Soil characteristics
The soil characteristics from the JET analysis (critical shear stress τc, erodibility kd, wet bulk density WD, estimated water content WC), and other JET parameters are given in Table 3. Out of the seven samples, two results (S2-1 and S3-1) are discarded due to questionable results and one sample (SS-2) could not be tested. Overall, from the remaining four results, the soil has a high resistance to erosion (τc = 85–140 Pa) and, unexpectedly, a high erodibility (kd = 27–45 cm3 N−1 s−1). For one sample (S2-2) a significantly lower erodibility of 6.5 cm3 N−1 s−1 was measured, which is attributed to the presence of a vertical rhizome in the sample at the location of the impinging jet. The rhizome dissipates most of the jet energy, reducing the energy available to erode the sediment. No clear cause for the high erodibility was found. More research is necessary as JET for rooted soils is scarce and its applicability for testing rooted soil may be questionable, as is discussed in Section 4.3.
TABLE 3 | Jet Erosion Test results: Wet bulk Density (WD), Water Content (WC), critical shear stress (τc), erodibility (kd), Confidence Interval (CI), test time (T), scour depth (J), theoretical scour depth at equilibrium (J∞) and dimensionless time (T*). 1The water content is estimated from the mean dry bulk density ± standard deviation measured by Schoutens et al. (2022).
[image: A table displaying various sample data with columns for Sample ID, Depth (m), WD (g/cm³), WC (%) with subscript one, Tau (95% CI) in Pascal, Kd (95% CI) in cubic centimeters Newton inverse seconds inverse, T (min), J (cm), J infinity (cm), and T* with a dash symbol. Some cells contain specific numerical data, while others are marked "Discarded" or "Excluded from testing." Data varies across different sample IDs such as S2-1, S2-2, S3-1, etc.]Sample SD-1, taken at a depth of 1.5 m below the soil surface, has a slightly higher estimated water content (55%–61%) and wet bulk density (1.53 g cm−3) than the other samples, which were taken near the surface. Recall that immersion time was extended to 1 h for all samples, which could have affected the water content differences between the surface sample and sample SD-1.
All executed tests exceed the dimensionless time requirement (T* ≥10) defined by Stein et al. (1993). The dimensionless time T* is defined as the test duration (T) divided by a reference time Tr = J∞/(kdτc). When T* ≥10, Stein et al. (1993) found this warrants that the achieved scour depth in the test is within 95% of the equilibrium scour depth. Consequently, the obtained value for τc from our JET analysis is sufficiently reliable in that the actual value is unlikely to be lower than the measured one (see also Section 4.3).
4 DISCUSSION
4.1 Vegetation effects on hydrodynamics
During the tests of Section 1 and Section 2, the tidal marsh vegetation bent more with increasing flow velocity. This behaviour is typical of flexible vegetation and is referred to as reconfiguration (Vogel, 1984). As the flexible vegetation bends more, the shape changes to become more streamlined with the flow. The cross-sectional flow area reduces, ultimately balancing the drag force with the restoring force (vegetation stiffness). In Vogel (1984) it was found that as the flow velocity increases, reconfiguration tends to a more linear relation between the drag force (FD) and the flow velocity (U), rather than the usual quadratic relation. To account for this effect, Vogel (1984) proposes to compute the drag force as FD ∝ U2+E, where E is a correction term referred to as Vogel’s exponent. Equations of this type also make use of a drag coefficient CD which, as studies have shown, varies significantly with stem density, stem Reynolds number and vegetation flexibility (Tanino and Nepf, 2008; Cheng, 2013; Chapman et al., 2015). However, most of such studies are done with (emergent) rigid bodies under steady uniform flows. Zhang et al. (2020) investigated the drag coefficient for immersed flexible artificial vegetation under steady non-uniform flow. They showed that flow entering dense vegetation first experiences an increase in drag, due to the blockage effect of the stems, and subsequently a decrease in drag due to their sheltering effect. The blockage effect relates to the stagnation and subsequent acceleration of the flow around a body causing, respectively, a pressure increment and a decrease of the wake pressure, together resulting in flow drag (Zdravkovich, 2003). The sheltering effect occurs when a body is located in the wake of an upstream body which causes a reduction in incident flow velocity and, consequently, a lower drag force (Raupach, 1992). In our experiments, all these effects were observed simultaneously. Firstly, higher discharges resulted in larger bending angles but no increase in flow depth. Thus, reconfiguration of the vegetation as flow velocity increased reduced its drag coefficient. Secondly, transversal stem density differences directed the flow to the lower density areas (blockage effect). Finally, stems downstream of densely vegetated patches bent less because of the reduced incident flow velocity (sheltering effect). For very large bending angles, when vegetation was fully immersed, reconfiguration appeared to be the dominant mechanism over blockage and sheltering. During a dike breach vegetation is expected to be permanently submerged, as opposed to this experiment, and the relative contributions of reconfiguration, blocking and sheltering on the hydrodynamics will be different. In this situation the increased submergence enhances the reconfiguration effect which, involving less exposure of the vegetation to the flow, reduces the blockage and sheltering effect.
For submerged vegetation, typically referred to as a meadow or canopy, the corresponding drag depends mainly on the depth of submergence, stem density and bending angle (Nepf, 2011; 2012a; b). If this drag dominates the bed induced drag, a shear layer will develop near the top of the canopy. This implies an inflection point near the canopy where the Reynolds stresses are largest (Zhang et al., 2023), separating the velocity profiles for the vegetation layer and free flow layer, respectively (Wang et al., 2015; 2023). The velocity profile in the free flow layer is logarithmic, while in the vegetation layer turbulence and dispersion effects associated with the stems result in a different velocity distribution. Consequently, flow velocities in the free flow layer can be significantly larger than in the layer covered by vegetation and thus convey a larger fraction of the total discharge, which also reduces the shear stress acting directly on the soil particles. In this study, the vegetation was emerged for low discharges but eventually submerged for high discharges. Although not investigated in detail, the observations confirmed that in submerged cases two flow layers were present. However, the corresponding velocity profiles and bed shear stresses that actually cause the pick-up of bed material were not measured. Assessing the soil stability for near-critical flow conditions and high flow velocities would also require the soil and vegetation properties. More experiments with high-velocity conditions, also considering different combinations of soil composition and vegetation type, are therefore needed to derive generic process based erosion models.
4.2 Interpretation of erosion results
The observed erosion in this study was minimal (order centimetres, maximum 5 cm), for all sections, after a maximum of 2–2.5 h of cumulative exposure to a step-by-step increased hydrodynamic forcing (increased flow velocity). Moreover, the bulk of the erosion was measured where vegetation was either mowed or had relatively low stem density, highlighting the importance of vegetation for soil stability under these conditions. However, these results are difficult to extrapolate to other tidal marshes as soil composition and vegetation type can significantly vary within a marsh and between tidal marshes. Studies of tidal marsh erosion at high flow velocities ([image: Please upload the image or provide a URL so I can help generate the alternate text for it.]0.5 m s−1) are relatively new and therefore data is scarce. At the time of writing, the authors know of three other studies where a tidal marsh was exposed to high flow velocities (Marin-Diaz et al., 2022; Schoutens et al., 2022; Stoorvogel et al., 2024). The same tidal marsh we tested was exposed by Schoutens et al. (2022) in a laboratory flume (mesodrome) to six 2-h runs. They measured erosion of a similar order of magnitude as in this study. Furthermore, using ANOVA they concluded that the presence or absence of vegetation has no effect on bed level changes. This is supported by our ANOVA results of Section 1, but less so by our ANOVA results of Section 2. It is known that vegetation enhances soil stability less in silty/clay soil compared to sandy soil (Lo et al., 2017; De Battisti et al., 2019). This in itself suggests vegetation to be of lesser significance with respect to the measured erosion. Nonetheless, our observed spatial erosion patterns suggest that vegetation density does have an effect on the local intensity of erosion. Therefore, it may also be the case that via increased hydrodynamic forcing or prolonged test duration vegetation presence becomes significant. Thus, we suggest more research, also because both studies use the same tidal marsh, limiting the general validity of these results.
Stoorvogel et al. (2024) measured erosion of a restored and a natural tidal marsh (mowed/clipped) at Lippenbroek (Belgium) under flow velocities up to 4.3 ms−1 for 3 hours. Erosion of both the restored and natural tidal marsh was measured to be of the order of centimetres, again a similar magnitude as in our study. Marin-Diaz et al. (2022) measured up to 2 cm of erosion after 3 h of exposure to flow velocities of 2.3 m−1 for different silty tidal marshes. Based on the combined outcome of Marin-Diaz et al. (2022), Schoutens et al. (2022), Stoorvogel et al. (2024) and our study, we argue that vegetated tidal marshes are very stable, at least for the type of marshes considered in these studies. This confirms the important benefits of tidal marshes in case of a dike breach, where the effectiveness of a tidal marsh is highly dependent on the soil stability.
Tidal marshes develop over many years or even decades. As they grow, the early sediment layers consolidate due to the load of the layers above, which increases the bulk density. When vegetation grows, a rooted layer is formed at the top. In tidal marsh soil columns at least two main layers can therefore be distinguished: a rooted top layer and a deeper layer. Both the consolidation of the deeper layer and the vegetation at the top layer enhance the soil stability (Ford et al., 2016; Bernik et al., 2018; Chen et al., 2019). The stabilizing effect of vegetation is more prominent in coarser (sand) soils than in fine (silt/clay) soils (Lo et al., 2017). The latter would explain why in the JET results for our silty marsh no clear difference was found between the erosion resistance and erodibility at the surface (many roots) and at 1.5 m depth (few roots). Moreover, the bulk density at 1.5 m depth was only slightly higher than at the surface, indicating that the degree of consolidation hardly varies over the depth for this tidal marsh. There was one exception though (surface sample S2-2) where the erodibility was much lower, likely due to a protruding rhizome. The size of the jet and rhizome were similar, meaning the jet impacted the rhizome predominantly instead of the soil. Thus, these roots can significantly reduce erodibility of a tidal marsh. However, a bigger jet may overcome this issue. Nonetheless, it is conjectured that for silty tidal marshes the roots affect the erodibility more than the erosion resistance under JET-like hydrodynamic forcing. As this is based on only a very small sample size, further research is needed to confirm this.
The linear excess stress equation is often used to estimate the erosion of soils, and is formulated as E = kd (τb − τc), where E is the erosion rate in m s−1 and τb bed shear stress in Pa. The erosion measurements in this study (JET and in-situ) reveal that such an equation must be used with care, considering all of its input parameters. As example, the bed shear stress can be estimated as τb = gC−2ρU2, where ρ is the water density and C is the Chézy parameter which in this case - based on methods by Baptist et al. (2007) and Luhar and Nepf (2013) and using parameter values from Van Velzen et al. (2003) and Schoutens et al. (2022)—has a value between 5 and 11 m1/2 s−1. For cases where U < 0.5 m−1 (Section 1, runs 1–2; Section 2, run 1) this results in a bed shear stress (τb) that is smaller than the lowest measured critical bed shear stress (τc < 85 Pa, see Table 2). Consequently, no erosion should occur which appears true for Section 1 (if it is assumed that bed level changes are only due to transport of leaf litter and loose material), but not so for Section 2 where much erosion was measured after run 1. For cases where U > 0.5 m s−1, the estimated τb can exceed the measured τc (85, 130, and 140 Pa) by up to two orders of magnitude. Using the linear excess stress equation then leads to erosion estimates that are up to two orders of magnitude larger than the measured (maximum) erosion. This discrepancy is explained by the fact that the estimated Chézy-values model the vegetation drag experienced by the flow, rather than the shear stress experienced by the soil particles, ignoring the typical velocity profile and turbulence characteristics in the canopy that affect the latter (Section 4.1). Using this approach, the effective bed shear stress is likely overestimated and so is the predicted erosion, in particular for high flow velocities when sheltering by vegetation is more pronounced. Furthermore, methods to determine kd and τc, such as JET analysis, should also account for these in-situ hydrodynamics. This is discussed in more detail in Section 4.3. In conclusion, proper use of the linear excess stress equation for tidal marshes requires input parameter values that take both above- and below ground biomass into account to avoid overestimation of tidal marsh erosion rates.
4.3 Validity of JET for measuring soil erosion resistance and erodibility
Estimating the soil erosion resistance and erodibility from general soil characteristics remains difficult, especially for cohesive soils, and no universally accepted methodology exists today (Knapen et al., 2007). The best practice still is to acquire these properties from laboratory or in-situ tests. One of these methods is the Jet Erosion Test, which is used in this study. This method relies on the assumptions that the impinging jet is unconfined, that the jet acts on a smooth, flat bed and that erosion is linearly proportional to the excess shear stress. These starting points bear some limitations, however. Firstly, assuming an unconfined jet leads to underestimation of the maximum applied shear stress by a factor of 2.4 or more (Ghaneeizad et al., 2015). Secondly, during the scour process a hole develops which alters the flow regime (Mercier et al., 2012), thereby changing the shear stress magnitude and - distribution along the jet centre line, as compared to a flat bed. Thirdly, the maximum shear stress on a rough bed can be 2.5–5 times larger than on a smooth bed (Rajaratnam and Mazurek, 2005). Lastly, in Zhu et al. (2001) it is shown that power law stress equations generally provide better fits to JET test data than linear equations. Nevertheless, they recommend using the latter in case of high shear stresses and longer slopes (referring to the slope length in their experiment). These findings are not yet implemented in the JET standard, however, and the interpretation of its results should therefore consider the implications of the aforementioned assumptions.
Comparing our in-situ observations with the results from the JET analysis indicates that τc is underestimated while kd is overestimated, as the predicted erosion rates (based on JET) generally exceed those observed in the field. Furthermore, none of the JET results is consistent with τc − kd relationships found in literature, see for instance Karamigolbaghi et al. (2017). The relatively low τc that is obtained from JET directly relates to the shortcomings mentioned before. Regarding kd, a lower erodibility from flume tests as compared to JET tests has also been reported by McNichol et al. (2017), but this was not statistically validated. We hypothesise two main causes for overestimating the value of kd when using JET. Firstly, the impinging flow in JET is perpendicular to the sample while the in-situ flow velocity is mainly parallel to the bed. This difference is avoided using HET (Hole Erosion Test, Wan and Fell (2004)), where a hole is drilled through a sample which is then exposed to flow, in a way similar to piping erosion. HET analysis consistently produces lower kd and higher τc values (Regazzoni et al., 2008; Wahl, 2010; Regazzoni and Marot, 2013). Secondly, in flume tests the presence of aboveground biomass reduces the transport capacity of the flow due to sheltering by the vegetation canopy, an effect that is not accounted for in JET nor in HET.
Concluding, although JET remains the most popular method due to its applicability to a wide range of soils and generally accepted use, it appears to overestimate the erodibility and underestimate the erosion resistance of tidal marshes. Other methods (such as HET) might be more suited for this specific situation. In any case, the valid use of these erosion parameters in (linear) excess stress equations relies on tests accounting for the effect of aboveground biomass.
4.4 Tidal marshes under dike breach conditions
In this study we tested an in-situ tidal marsh under dike breach conditions (i.e., high flow velocities). With the experimental setup we achieved flow depths of 0.2–0.25 m, and a maximum flow velocity of 1.3 ms−1, while the tidal marsh was exposed to a cumulative 2–2.5 h of hydrodynamic forcing. During a storm surge water depths on a tidal marsh can amount up to 2.0–2.5 m, which then results in flow velocities of up to 4–5 m s−1 during a dike breach, an event that can typically last up to 4 h during peak storm surges. Therefore, in our experiment, the overall exposure of the tidal marsh to hydrodynamic forcing was comparatively mild, both in terms of flow velocities and duration.
Nonetheless, the experiment revealed that higher flow velocities do not always lead to increased erosion which, being of the order of centimetres only, remained limited under these conditions. Other studies (Marin-Diaz et al., 2022; Schoutens et al., 2022; Stoorvogel et al., 2024) tested tidal marshes for a duration of 3–12 h and measured similar erosion rates, of the order of millimetres to centimetres. These results indicate that, under dike breach conditions, only limited erosion of a tidal marsh will take place. The precise rate and magnitude of this erosion remains difficult to predict for these conditions, however.
This study re-emphasises that mature silty tidal marshes are strong and likely to survive a dike breach, considering that erosion is of the order of only centimetres while tidal marshes can be 1–2 m thick. If tidal marsh levels hardly change during a breach, erosion of the dike will result in a vertical or near-vertical drop in the local bed elevation, referred to as head-cut (Zhu et al., 2008). For dike breach modelling, a constant tidal marsh level is therefore a viable assumption, provided that the high erosion resistance and low erodibility of the tidal marsh are confirmed, leaving head-cut failure as the primary erosion mechanism.
5 CONCLUSION
In order to warrant flood defences future proof, in the light of climate change, researchers and engineers have an increased interest in Nature based Solutions (NbS). As such, tidal marshes have an intrinsic ecological value while they also reduce the failure probability and breach erosion rates of adjacent dikes. The latter highly depends on the stability of the tidal marsh during dike breach conditions, requiring insight in its erosion resistance and erodibility. This study is one of the first that specifically aims at a better understanding of these properties under high flow velocities, [image: Please upload the image you would like me to analyze.]0.5 m s−1. We tested an in-situ, mature tidal marsh under flow velocities up to 1.3 m s−1 for a cumulative 2–2.5 h. We observed little to no stem breakage and quick recovery of the vegetation, minimal bed erosion (maximum 5 cm) and high soil erosion resistance. Although normative breach conditions were not achieved in this study, these results confirm that the strength of a tidal marsh exposed to high flow velocities is considerable. Full recovery of the vegetation occurred shortly after the hydrodynamic loading, implying that tidal marshes immediately retain their wave attenuation property after having endured a dike breach. Albeit small, accurate prediction of tidal marsh erosion under high flow velocities remains difficult due to limited knowledge on cohesive soil strength, moreover in the presence of vegetation. The combined results suggest that a thick, mature tidal marsh will hardly erode during a breaching event, allowing the use of a constant marsh level in breach erosion models, leaving head-cut failure as the primary erosion mechanism.
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Nature-based solutions (NBS) can deliver many benefits to human wellbeing, including some crucial to climate adaptation. We quantitatively assess the global potential of NBS strategies of protection, restoration, and agroforestry by modeling global climate change mitigation and local ecosystem services (water availability, sediment retention, runoff, pollination, nitrogen retention, green water storage, and coastal protection). The strategies with the most potential to help people do not necessarily deliver the most climate change mitigation: per area of conservation action, agroforestry provides substantial benefits (>20% increase in at least one local ecosystem service) to three times more people on average than reforestation while providing less than one tenth the carbon sequestration per unit area. Each strategy delivers a different suite of ecosystem service benefits; for instance, avoided forest conversion provides a strong increase in nitrogen retention (100% increase to 72 million people if fully implemented globally) while agroforestry increases pollination services (100% increase to 3.0 billion people if fully implemented globally). One common disservice shared by all the NBS strategies modeled here is that increased woody biomass increases transpiration, reducing annual runoff and in some watersheds negatively impacting local water availability. In addition, the places with the greatest potential for climate change mitigation are not necessarily the ones with the most people. For instance, reforestation in Latin America has the greatest climate change mitigation potential, but the greatest ecosystem service benefits are in Africa. Focusing on nations with high climate mitigation potential as well as high local ecosystem service potential, such as Nigeria in the case of reforestation, India for agroforestry, and the Republic of Congo for avoided forest conversion, can help identify win-win sites for implementation. We find that concentrating implementation of these three conservation strategies in critical places, covering 5.8 million km2, could benefit 2.0 billion people with increased local ecosystem services provision. These critical places cover only 35% of the possible area of implementation but would provide 80% of the benefits that are possible globally for the selected set of ecosystem services under the NBS scenarios examined here. We conclude that targeting these critical places for protection, restoration, and agroforestry interventions will be key to achieving adaptation and human wellbeing goals while also increasing nature-based carbon mitigation.
Keywords: climate adaptation, climate mitigation, nature-based solutions (NBS), nature’s benefits to people, natural climate solutions (NCS)

1 INTRODUCTION
There has been much research and modeling of the potential role of nature-based solutions (NBS) in providing multiple benefits to human wellbeing, including climate mitigation. NBS has been defined as actions addressing “societal challenges through actions to protect, sustainably manage, and restore natural and modified ecosystems, benefiting people and nature at the same time” (Cohen-Shacham et al., 2019). Sometimes the term natural climate solutions (NCS) (Griscom et al., 2017) is also used to specify a specific type of nature-based solution (NBS) that has climate change mitigation as a primary goal (Ellis et al., 2024). In this study we will use the term NBS, discussing conservation actions that have both climate change mitigation and local ecosystem service benefits. Examples of NBS include avoided forest conversion, reforestation, and the appropriate use of agroforestry, for which case studies have shown benefits and disbenefits for climate change adaptation and human wellbeing (Chausson et al., 2020; Chang et al., 2024). These three conservation actions, if implemented properly, are nature-based solutions in the sense of the Cohen-Shacham definition. For instance, reforestation is an action to “restore” (increase forest cover back toward past levels) a “natural ecosystem” (a forest) in order to address a societal challenge (climate mitigation as well as some potential wellbeing benefits, like reduced soil erosion).
Climate change is one of the most pressing challenges affecting human society, and urgent actions are needed to avoid catastrophic impacts (IPCC, 2023). In order to avoid more than 2°C average warming, total net emissions of greenhouse gasses (GHG) need to be reduced beyond current Nationally Determined Commitments (NDCs) by an additional 6–14 Pg of carbon dioxide equivalent per year (Pg CO2e yr−1) by 2030 (Shukla et al., 2022). One study estimated the maximum global potential of NBS for climate mitigation is 20–37 Pg CO2e yr−1, of which 11.3 Pg CO2e yr−1 is cost-effective (<100 USD MgCO2−1) and 4.1 Pg CO2e yr−1 of which is low cost (<10 USD MgCO2−1) (Griscom et al., 2017).
Mitigating climate change could ameliorate catastrophic hazards, but communities around the world are already experiencing impacts from a changing climate (IPCC, 2023). Major impacts from climate change include increased freshwater flooding (Hirabayashi et al., 2013) and water shortages (Li et al., 2009; Flörke et al., 2018), as the hydrologic cycle is altered (Kundzewicz, 2008), and coastal flooding (Toimil et al., 2020) as sea levels rise (Mimura, 2013) and tropical storms become more intense (Walsh et al., 2016). NBS for adaptation (Turner et al., 2022)— sometimes called by the related but distinct term of ecosystem-based adaptation (Colls et al., 2009)— can play an important role in helping reduce these impacts. Examples of NBS for adaptation include reforestation of steep slopes to slow water’s movement and decrease peak flows in rivers during floods (Kabisch et al., 2016; Tellman et al., 2018), or protection or restoration of coastal habitat to reduce hazards to communities in the low-elevation coastal zone (Spalding et al., 2014). While there have been many case studies of NBS providing adaptation benefits in particular places to particular communities (Chausson et al., 2020), it remains scientifically difficult to map and quantify the global potential of NBS as an adaptation tool.
NBS can provide many other benefits (MEA, 2005; McDonald, 2015; Kabisch et al., 2016), sometimes referred to as “co-benefits” in the context of climate mitigation but often of significant importance in their own right (Ürge-Vorsatz et al., 2014). Natural habitat, for instance, supports pollination of many crops (Kremen et al., 2007), a service which has been valued at $195–387 billion per year globally (Porto et al., 2020). The roots of trees and other vegetation can stabilize soil and encourage rainwater infiltration (Vogl et al., 2017), decreasing erosion and increasing retention of nutrients like nitrogen and phosphorus that can be harmful to water bodies if released in excess (Hopkins et al., 2018; Keeler et al., 2019). A recent global mapping exercise assessed a suite of ecosystem services—also sometimes referred to by the similar but not identical concept of nature’s contribution to people (Pascual et al., 2023)— delivered by current natural habitats, designating critical natural assets as the 30% of total global land area that provides 90% of the current magnitude of ecosystem services (Chaplin-Kramer et al., 2023).
However, there remains little knowledge globally of how NBS, which cause changes in land cover and land use, will change ecosystem service provision. In particular, the degree to which key sites for climate change mitigation overlap with key sites for local ecosystem services for adaptation and other facets of human wellbeing remains unclear. Most previous global research has focused on one kind of NBS, rather than considering multiple potential actions, and has modeled one or a couple benefits to human wellbeing. There has been much rhetoric about win-win opportunities for NBS for mitigation and adaptation, and some empirical research on when such win-wins occur (Nelson et al., 2009; Mueller et al., 2014; Hegwood et al., 2022). However, there is little quantitative global data on how often key sites for the provision of these ecosystem services overlap spatially.
This paper addresses the following research questions.
	• Where are the areas where NBS, conservation actions such as protection, reforestation, or agroforestry, have the greatest potential to enhance local ecosystem services?
	• Which NBS have positive and negative impacts on local ecosystem services? How many people will benefit and how much will they benefit?
	• Where are areas in which NBS are the most effective, in terms of benefits to people per area over which the action is implemented?
	• What is the spatial overlap between critical places for NBS supporting human wellbeing, and priority places identified for carbon mitigation?

2 MATERIALS AND METHODS
Our analysis proceeded in six steps: 1) defining a conceptual framework for ecosystem services and their relationship to adaptation benefits; 2) selecting the input scenarios of conservation action; 3) selecting other key global datasets needed for our analysis; 4) ecosystem service modeling in biophysical terms; 5) calculating and mapping of beneficiaries; and 6) prioritization analysis to select sites for conservation action with high human wellbeing benefits. Below, we discuss each of these six phases in greater detail.
2.1 Ecosystem services and relationship to adaptation benefits
Our analysis began by defining a set of societal problems, from climate change or otherwise, that have a potential solution in ecosystem services, and for which there are well-studied global ecosystem service models (Table 1). For instance, a loss of pollination services is a challenge for crop production of insect-pollinated crops. Similarly, degraded water quality due to sedimentation and nutrient pollution can impact suitability and treatment costs for human water use. For climate risks specifically, we follow the definition of the IPCC: “The consequences of realized risks on natural and human systems, where risks result from the interactions of climate hazards, exposure, and vulnerability” (Allen et al., 2018). Our working definition of adaptation follows that of the IPCC: “The process of adjustment to actual or expected climate and its effect” (IPCC, 2018). This paper primarily considers metrics of ecosystem services provision that relate to the reduction in hazard or exposure, leaving aside the mapping of vulnerability, which is often context and society-specific and hence difficult to model globally. For example, we looked at metrics related to having too little water (drought) or too much water (floods), overlaid with population.
TABLE 1 | Conceptual relationship between societal problems and ecosystem services used in this study.
[image: A table with two columns and multiple rows. The left column, titled "Problem," lists climate risks and other issues: coastal flooding and wind, freshwater flooding, water insecurity, greenhouse gas emissions causing climate change, and non-point source pollution to water. The right column, titled "Ecosystem service that is a partial solution," includes coastal protection, flood regulation (green water storage), runoff water availability, carbon sequestration and storage, sediment retention, and nutrient retention.]We then identified common NBS that aim to increase ecosystem service provision, selecting three that are often used to achieve climate change mitigation as well as other societal goals: reforestation (e.g., Bastin et al., 2019), avoided forest conversion (e.g., Houghton and Nassikas, 2018), and agroforestry (e.g., Zomer et al., 2022). Each NBS delivers a bundle of ecosystem service benefits, providing all the ecosystem services listed in Table 1 (and described below), but to differing degrees. We always measure ecosystem services benefits of these interventions relative to a baseline case in 2020, calculating the change in ecosystem service provision from this baseline case. For ecosystem services related to climate adaptation, we tallied the number of beneficiaries.
2.2 Input scenarios of NBS
We reviewed available datasets of these three types of NBS that define where the actions are possible, looking for datasets that met the following global requirements, and adjusting as necessary. First, datasets had to be globally complete and spatially detailed, with a pixel size of at least 1 km, to roughly match the spatial scale of the ecosystem service models we used. Second, we ensured consistency in land cover classification between the baseline scenario and the conservation action scenario, to allow for their direct comparison. Below, we describe each NBS type and define our input data sources that map where it is possible.
2.2.1 Reforestation
Targeted reforestation efforts, such as planting trees on degraded historically forested lands, can contribute to carbon sequestration and provide multiple co-benefits, including improved water quality. Reforestation potential was mapped using the areas of opportunity from Griscom et al. (2017). This analysis mapped reforestation potential using a combination of the Atlas of Forest Restoration Opportunities (Potapov et al., 2011) and MODIS-derived vegetation continuous fields data (Hansen et al., 2003). Reforestation was restricted to biomes that naturally have some tree cover (Olson et al., 2001), in places not currently used for cropland or developed land uses, among other restrictions. More information can be found on pages 48–52 of the Supplementary Material of Griscom et al. (2017). Note that in the special case of ecosystems with only partial tree cover, such as savannahs, we assumed reforestation up to percent canopy cover observed in that biome. For reforestation carbon sequestration potential, we followed the methodology of Cook-Patton et al. (2020), which calculates the carbon sequestration rate of natural regeneration from 2020 to 2050.
2.2.2 Avoided forest conversion
Protecting existing forests is another strategy for climate mitigation. Trees absorb carbon dioxide and store it in their biomass, so by preventing deforestation in at-risk places, annual carbon sequestration and total carbon storage can be maintained over time (Mollicone et al., 2007). This is different than assessing current provision of ecosystem services (e.g., Chaplin-Kramer et al., 2023) because the likelihood of conversion or loss of the ecosystems is considered, along with the counterfactual of what the ecosystem is likely to be converted to. Avoided forest conversion was mapped using the Avoided Forest Conversion v1.1 product, described in Avoidable Forest Conversion Map. Average annual forest cover loss rates were measured using Landsat-defined forest cover maps (Hansen et al., 2013) from 2000 to 2018. Avoided forest conversion is distinct from other NBS in that the baseline is not current land cover, but instead the reduced forest cover that will remain if current forest loss continues. We therefore constructed a map of forest cover loss to 2050 by extrapolating the annual rate of loss forward for our analysis. The effect of avoided forest conversion is then to avoid this forest loss, maintaining current forest cover.
2.2.3 Agroforestry
Integrating trees into agricultural landscapes, a practice known as agroforestry, helps sequester carbon, while also improving soil health, conserving water, and providing shade and windbreaks which all support more sustainable food production (Ramachandran Nair et al., 2009). Agroforestry potential mapping followed the Foodscapes report (Bossio et al., 2021). This report assessed potential for adding trees to the landscape in both croplands (silviculture) and grazing lands (silvopasture). See page 71–73 of the report for more information on methodology used. Note that agroforestry was mapped as possible for most of the cropland and rangeland globally, which makes the spatial extent of this NBS larger than for reforestation or avoided forest conversion. However, as only a small fraction of the agricultural area if revegetated, the increase in carbon sequestration per hectare is less than for reforestation or avoided forest conversion (Leavitt et al., 2021).
2.3 Other data sources and data harmonization
Our baseline land cover for this project was the European Space Agency’s Climate Change Initiative (CCI) Medium Resolution Land Cover (MRLC) data set for 2020 (Harper et al., 2022), version 2.0. This baseline was chosen since it was a globally consistent, long-term time series of land-cover, important characteristics for other linked analyses of this project (Hülsen et al., 2023). The 300 m spatial scale of the MRLC matches the resolution of the other input data layers to the ecosystem service models we used for this analysis, and helps align our results with those derived in the Critical Natural Assets (Chaplin-Kramer et al., 2023) paper.
The land cover classification and pixel size of each input NBS scenario was harmonized to this baseline land cover by making a set of simple decision rules that applied the logic of the NBS scenarios to the MRLC data. For reforestation, we applied the logic from Griscom et al. (2017). We define as reforestable all pixels that are within the reforestation potential areas of Griscom et al. (2017) and that do not have currently an urban or cropland use in the MRLC data. Note that Griscom et al. (2017)’s definition of what can be reforested includes information on natural land cover in an ecoregion, so reforestation is not considered possible in areas that do not have natural forest cover.
For agroforestry, we used the area of potential for silvopasture and silviculture defined in the Foodscapes report (Bossio et al., 2021). Pixels that were grassland currently and identified as potential silvopasture were switched from grassland to a new silvopastoral category. Similarly, pixels that were cropland in the base year (2020) and within the area of potential agroforestry were switched in the NBS scenario from cropland to the mosaic crop/natural class for silviculture and from grassland to savanna for silvopasture.
For avoided forest conversion, we needed to estimate a map of forest cover in 2050, if current trends continue. This “status quo 2050” map was then run through the ecosystem service models. The ecosystem service value of avoided forest conversion is then the extra service provision from retaining forest cover (i.e., baseline provision minus “status quo 2050” provision). This “status quo 2050” layer had to be harmonized with the MRLC data. Wherever the 2050 tree cover fell below 40% (for forested pixels) or below 15% (for intermediate forest or savannah) we convert the pixels to another land-use category. To do this, we needed spatial information on the drivers of conversion, to better understand what land-use forested pixels might become. To be consistent with the Avoided Forest Conversion (AFC) dataset, we used Curtis et al. (2018), which provides 10 km resolution data on the drivers of deforestation. If the driver was urbanization, then the pixel was shifted to an urban land-use in this NBS scenario. If it was shifting agriculture or commodity-driven conversion it was moved to an agricultural land-use class.
Our base population for this project was taken from Landscan (Dobson et al., 2000) for 2020. Landscan is one of the most spatially resolved of global population datasets, interpolating census estimates of population using other ancillary datasets such as information on infrastructure and nighttime lights. Note that while our analysis looks at scenarios of NBS implementation, we do not attempt to project future population distribution. Rather, our dominant research question is “If NBS is implemented in the short-term, who will benefit?”
For country boundaries, we used the Natural Earth’s (naturalearthdata.com) country boundary file at the most spatially detailed spatial resolution (1:10), with lakes and Antarctica excluded from our analysis. Countries are referred to by three letter ISO codes, to save space. Note that the use of this boundary file and country names is not a political endorsement of any contested boundary or territory.
2.4 Ecosystem service models
2.4.1 Carbon storage and sequestration
To assess the carbon stock for the baseline land cover, we mapped zones based upon unique combinations of the MRLC land cover (in 2010, to match the carbon data) and ecoregions (Olson et al., 2001; Dinerstein et al., 2017). Within each zone, we calculated the average carbon per hectare, based upon the above-ground and below-ground biomass carbon for 2010 from Spawn et al. (2020). These average carbon densities, for a given MRLC land cover type, in each ecoregion, were then applied to the current and scenario maps. Where certain land cover types were missing from certain ecoregions, gaps were filled first within the same biome. If the land use type was missing from the whole biome, then the global average value of the land use type was used. This approach was taken so ecosystem service benefits including carbon could also be consistently estimated for historical land-use cover, going back to 1992, for another related research project (Hülsen et al., 2023).
Methodology to calculate the carbon benefits of NBS varied by conservation action, to match as much as possible methodology used in the previously published studies that mapped potential areas of implementation. For reforestation, areas of reforestation were assumed to add carbon at rates from Cook-Patton et al. (2020), who spatially mapped the rate of carbon accumulation in natural forest regeneration globally. For agroforestry, we followed the assumption of the Foodscapes report methodology (Bossio et al., 2021) that 10% of each agricultural pixel would be allowed to increase in woody biomass. We assumed this increase in woody biomass occurred at the rate mapped by Cook-Patton et al. (2020). For all three scenarios of conservation action, note that because the spatial resolution of our analysis differs from some of the input datasets, our total estimate of carbon also varies, even if the spatial patterns of carbon sequestration are globally similar. In general, maps of global forest cover at 30 m resolution tend to estimate greater forest cover and carbon than maps at 1 km resolution, for instance. This is an example of the modifiable areal unit problem (Jelinski and Wu, 1996).
2.4.2 Water availability
This ecosystem service was assessed with WaterWorld v2.92 using the water stress module. WaterWorld is an open-access global hydrological model that runs entirely from global datasets and can be applied for analysis at scales from local through global. It is widely used as a decision support tool and includes modules for wind-driven rainfall, fog inputs, snow and ice, water balance and surface runoff as well as a model for water quality and its transmission downstream (Mulligan, 2013; Mulligan and Soesbergen, 2017). The model is applied here for 2020 land cover, land use, and population, as well as for average climate according to WorldClim (Hijmans et al., 2005). Annual mean water stress (% of water demand not supplied or contaminated) is the ratio of the supply of water (the simulated clean water balance after evaporative water use) and water demand (estimated from per capita domestic and industrial demand and population), assessed monthly. Clean water is considered as 100 minus the WaterWorld Human Footprint on Water Quality (HFWQ), an indicator of the impact of upstream human land use on water quality, measured as the percent of water affected by upstream human land use (Mulligan, 2009). For consistency with other ecosystem services, in this paper we express our results in terms of water availability (i.e., 1–annual mean water stress ratio), so that conservation actions that have positive benefits to human wellbeing have a positive sign.
2.4.3 Water runoff for water provision
Annual total runoff was assessed with the runoff module of the WaterWorld v2.92 model, and relates both to problems (e.g., too much runoff can lead to flooding) and opportunities (e.g., runoff can be abstracted for human uses, and it maintains base flow in streams). Runoff is the cumulative water balance along the HydroSHEDS (Lehner et al., 2008) flow network, calculated on a monthly basis. Note that many scenarios that increase biomass increase evapotranspiration and hence decrease runoff, but that there are places globally in which vegetation growth increases precipitation and thus runoff, such as through fog-interception in cloud forests.
2.4.4 Green water storage for flood mitigation
This ecosystem service was assessed with the flood storage module of the WaterWorld v2.92, and is the sum of components of canopy water storage, wetland storage capacity, and soil storage capacity (Gunnell et al., 2019). This metric relates to flood risk reduction through natural flood storage, and identifies the upstream places where canopies, wetlands, and soils can take up and temporarily store rainfall, which is then slowly released, to the benefit of downstream communities.
2.4.5 Sediment retention
This ecosystem service measures how vegetation helps prevent erosion and stabilize soils, which is important for improving water quality for downstream populations. Sediment retention is modeled using the InVEST Sediment Delivery Ratio model (Tallis et al., 2013), which estimates erosion using the Revised Universal Soil Loss Equation (Renard et al., 2017), based on climate, soil texture, topography, and land cover. In this case, we use the global implementation established in Chaplin-Kramer et al. (2023). Sediment movement is estimated with a conductivity index based on the upslope and downslope areas of each pixel. Ideally sediment retention would be estimated for reservoirs, canals, and other water infrastructure most impacted by sedimentation, but as there is no comprehensive global dataset identifying all such infrastructure, we measure the beneficiaries simply as the total number of people downstream.
2.4.6 Nitrogen retention
This ecosystem service measures how vegetation and natural ecosystems prevent the movement of nitrogen downstream, which helps to regulate water quality for downstream populations. Nitrogen retention is modeled using the InVEST Nutrient Delivery Ratio model run at 300 m resolution (Tallis et al., 2013), again using the global implementation developed in Chaplin-Kramer et al., 2023. This model estimates nutrient export based on fertilizer application, precipitation, and the retention capacity of vegetation. The people benefiting from nitrogen retention are those downstream who might be exposed to nitrogen contamination in their drinking water, which again, in absence of global information about drinking water sources, we represent as the total number of people downstream.
2.4.7 Pollination
Natural habitat can play an important role in supporting native pollinators that also help pollinate certain insect-pollinated agricultural crops that human livelihoods depend on. Pollination services are mapped using the methodology described in Chaplin-Kramer et al. (2023), based on the sufficiency of habitat within 2 km (the typical flight range of a pollinator). Pollinator habitat sufficiency is modeled based upon natural MRLC types at 300 m. This overall value of natural habitat for supporting pollinators also depends on pollinator-dependent agricultural production, determined by the mixture of crops (as mapped by Monfreda et al., 2008) and the percent of yield reductions in absence of pollination (reviewed by Klein et al., 2007). The equivalent number of people fed from the pollinated portion of production on each farmed pixel is then mapped back to natural habitat that supplied the pollination benefit.
2.4.8 Coastal protection
Coastal protection is the reduction in risk from coastal hazards that human communities receive due to natural ecosystems. Coastal protection is modeled with the InVEST Coastal Vulnerability model (Tallis et al., 2013), using information on terrestrial and coastal/off-shore habitats and a global implementation developed in Chaplin-Kramer et al., 2023. In this case, following the methodology of Chaplin-Kramer et al. (2023), the value of coastal protection is assigned to the natural habitat that caused the benefit. Coastal risk depends on the physical exposure to coastal hazards (such as wind, waves, storm surge, sea level rise, geomorphology, and bathymetry, and the presence of protective natural habitat), and the risk reduction is measured as the difference between the coastal risk with and without the existing (current or scenario) level of natural habitat. This risk reduction measured at the shore was then mapped back to the habitat protecting it according to the protective distance of the habitat (ranging from 500 m for sea grass to 2,000 m for coral reefs and mangroves).
2.5 Number of people benefiting
Different ecosystem services were assessed with very different biophysical units (e.g., tons of sediment avoided, liters of runoff, etc.). It was beyond the scope of this paper to attempt to estimate the total economic value of all these services. To facilitate comparison among ecosystem services, we calculated the percent change in provision with implementation of the conservation action. This provides a unitless, comparable metric of the change in the “supply” of an ecosystem service.
To quantify the number of beneficiaries for each ecosystem service (the “demand”), we defined areas where proximate populations would receive direct benefits. This is related to the “serviceshed” concept (Tallis et al., 2012), the area of ecosystem service transportability (McDonald, 2009). Servicesheds (or “benefit-sheds” as we delineate here) differ in spatial scale depending on the ecosystem service (McDonald, 2015), and the flow of water determines the benefit-shed for many of the ecosystem services in this study. However, for pollination and coastal protection, the proximity of habitat at distances relative to pollinator flight and wave attenuation, respectively, was delineated. Calculation of these benefitting areas was generally done with the WaterWorld and InVEST frameworks, following the methods described in Chaplin-Kramer et al. (2023). These benefit-shed maps (defined separately for each scenario of land cover, for each ecosystem service) were then used to estimate the number of direct beneficiaries using our spatial population data (Dobson et al., 2000). For some calculations, we wished to assess only those with a meaningful change in ecosystem service provision, defined as at least a 20% change in biophysical provision. Note that this can be positive (a service) or negative (a disservice). For instance, the reduction in runoff due to increasing biomass can be thought of as a disservice.
2.6 Prioritization analysis
The different NBS have very different areas of potential implementation, as defined in the scientific literature. Agroforestry, for instance, might be practiced in many agricultural landscapes globally, while avoided forest conversion is only viable as a conservation action in landscapes with actual deforestation. To account for these different areas of implementation, we calculated carbon benefits per area of implementation and local ecosystem service beneficiaries per area of implementation, both globally and by country. We also calculated these metrics in major hydrologic basins, which are useful summary units of analyses since many ecosystem services that are hydrological in nature have service-sheds that follow watershed, not country, boundaries.
For our simple prioritization analysis, we used the number of beneficiaries normalized by intervention area as a simple metric of efficiency, in the absence of a spatially explicit global dataset on the costs of these actions per square kilometer of implementation. We ranked major hydrological basins by the beneficiaries per square kilometer achieved using the NBS with the greatest value of our metric of efficiency. This allowed us to construct an accumulation curve and estimate the percent of watersheds that would need conservation benefit to achieve a certain percentage of the maximum possible total global human wellbeing benefits from the three NBS we assessed.
3 RESULTS
There are many ways NBS can benefit people, several of which we model as ecosystem services. Each strategy delivers a unique set of services, and each service benefits people within a specific serviceshed that depends on the service in question. At one extreme, carbon sequestration anywhere provides climate regulation services globally (McDonald, 2009) since the atmosphere’s carbon dioxide concentration is well mixed. At the other extreme, pollination services must be provided in proximity of animal-pollinated crops.
Moreover, patterns of ecosystem service provision vary among services. Notably, the NBS with the most potential to directly help people are not necessarily the ones with the most carbon mitigation potential. Figure 1 shows change in provision of ecosystem services, in biophysical units, per area of conservation action. Both avoided forest conversion and reforestation have high carbon sequestration potential, as measured in tons of carbon sequestered per square kilometer of conservation action, with a large increment of biomass compared to the base case of no conservation action. However, at a global average level, these two strategies significantly (i.e., a greater than 20% increase in one local service) benefit a relatively small number of people per square kilometer of conservation action, simply because where these two strategies are feasible is often in relatively rural, sparsely populated landscapes. Conversely, agroforestry has relatively low carbon sequestration potential per square kilometer due to our definition of agroforestry. However, agricultural landscapes tend to have more people nearby sites where agroforestry would be implemented, resulting in higher numbers of people benefiting from agroforestry implementation. In sum, different conservation strategies have different potentials for climate mitigation and benefits to people, and conservation planners must pick the appropriate strategy based upon their goals.
[image: Scatter plot showing carbon sequestration versus population benefited. Three data points are labeled: Agroforestry with high population benefit and low sequestration, AFC with moderate values, and Reforestation with high sequestration and moderate population benefit.]FIGURE 1 | Global average benefits per area of conservation action for three conservation actions. Shown are the carbon sequestration (x-axis) and the people benefiting from a significant increase in other ecosystem services provision (y-axis). Significant benefit is defined to be at least one local (non-carbon) ecosystem service increasing by at least 20%.
In percentage terms, pollination in the agroforestry scenario and nitrogen retention in the avoided forest scenario demonstrate some of the biggest increases (>100%) in ecosystem service provision (Figure 2). The greatest percentage increase in carbon sequestration is under the reforestation scenario, because the denominator (carbon storage in the baseline case) is often low. In terms of people benefitting, carbon sequestration under any of the three NBS scenarios delivers the greatest number of beneficiaries, since carbon sequestration is a global ecosystem service. Other strategies that provide many people with a significant benefit include sediment and nutrient retention from agroforestry.
[image: Bubble chart evaluating changes in ecosystem services under the NCS scenario: agroforestry, forest conversion avoidance, and reforestation. Services include water availability, sediment retention, runoff, pollination, nitrogen retention, green water storage, coastal protection, and carbon sequestration. Bubble sizes reflect population impacted, ranging from ten thousand to one billion. Color gradient from blue to brown indicates percent change from negative one hundred to one hundred percent.]FIGURE 2 | The effect of three scenarios of natural climate solutions (NCS) on eight ecosystem services. The size of the bubble is proportional to the total number of people whose ecosystem services are impacted at some level by the scenario, while the color is the average percent change in ecosystem service provision in areas where the scenario is implemented. Note that for carbon sequestration, the entire global population is considered the beneficiary.
NBS may also locally result in disservices, negative consequences of their implementation for some people (Figure 2). Among the ecosystem services modeled here, the major disservice is associated with water resources. Increasing biomass, as happens in any of our three NBS, tends to increase transpiration above the baseline case of no NBS (e.g., Jaramillo et al., 2018), which decreases runoff but increases green storage by tree canopies. While the increase in green water storage could be important for reducing flood risk--a risk that is projected to increase from climate change in many other studies (see review in Wasko et al., 2021)—the reduction in runoff will lead to lower base flows in rivers and to decreased flow into groundwater. In some watersheds globally, the implementation of any of these three NBS decreases water availability for people (i.e., water stress increases). NBS that are good for climate change mitigation (carbon sequestration) may reduce flood risk but increase water insecurity, with implications of NBS needing to be carefully considered within the local and downstream hydrological context.
We also find differences in climate change mitigation and local ecosystem service benefits when examining overlap in terms of normalized benefits per unit area (Figure 3). For agroforestry, the greatest potential for carbon sequestration per square kilometer is in the tropics, but the greatest number of beneficiaries per square kilometer is concentrated in the largest agricultural production areas of the world: the Indian subcontinent and southeast and east Asia. Similarly, for reforestation and avoided forest conversion, the greatest potential for carbon sequestration per square kilometer is in tropical rainforest ecosystems, which have high carbon density of mature forests and fast growth rates, while the greatest number of beneficiaries per implementation area for both NBS is in Africa, particularly west Africa and portions of the headwaters of the Nile basin that are in forest ecosystems.
[image: Six world maps depict carbon distribution and population density for agroforestry, reforestation, and avoided forest conversion. The left column shows carbon levels, while the right column indicates population density. High carbon and dense population areas vary across regions.]FIGURE 3 | Carbon and co-benefits potential of three NBS. Carbon (left column) is shown at 300 m resolution. Note that at this global scale, much detail about where an action is possible or not is not visible since the image has been resampled. The number of people receiving significant co-benefits (right column) is shown at the major watershed resolution. Significant benefit is defined to be at least one local (non-carbon) ecosystem service increasing by at least 20%.
At a country-level, normalized for area of NBS, the carbon sequestration potential is not correlated with the number of people significantly benefited by any NBS. For each NBS, it is possible to find countries with similar carbon sequestration potential, but different numbers of people benefitting significantly. For instance, each square kilometer of avoided forest conversion in Gabon (GAB) removes more than 10,000 Mg carbon but provides significant ecosystem service benefits to less than 5 people (Figure 4). Conversely, in the Democratic Republic of Congo (COD) there is a similar level of carbon potential but almost 100 people benefited per square kilometer of conservation action. Of course, many other aspects differ between these two countries in terms of population density (9 people/km2 in Gabon versus 45 people/km2 in the DOC), governance, and cost and feasibility of conservation action, and these other factors must also be considered when choosing where NBS are implemented. Indeed, these other factors may make NBS for carbon mitigation more cost-effective to implement in rural, less populated landscapes. Similar patterns can be found for agroforestry (Supplementary Figure S1) and reforestation (Supplementary Figure S2). Our results suggest that while it is possible to choose countries that deliver both carbon and human wellbeing benefits, it should not be assumed that countries that have high carbon benefits will necessarily deliver significant ecosystem service benefits to many people.
[image: Scatter plot titled "Avoided Forest Conversion" showing the relationship between carbon removed by action (Mg per Km²) on the x-axis and people with significant benefit (people per Km²) on the y-axis. Data points represent different countries with varying levels of carbon removal and benefit to people. The countries with the highest carbon removal include GQ and GNQ, while those with the highest people benefit include SEN and MAR.]FIGURE 4 | Carbon removed by avoided forest conversion (AFC) versus the number of people with a significant co-benefit from other ecosystem services, by country. Significant benefit is defined as at least a 20% increase in ecosystem service provision of a service other than carbon. Only countries where conservation action is possible are shown, and results are shown normalized by the square kilometers per conservation action. Countries are labeled with their three-digit UN ISO code (e.g., IDN is Indonesia).
NBS interventions at win-win sites, those that deliver carbon mitigation as well as large benefits to human wellbeing, are extremely concentrated (Figure 5). For the three NBS interventions we modeled, around 80% of all the people who could potentially benefit can be helped by action in just 35% of the total conservation area possible, a priority set of watersheds with the highest effectiveness (see Methods for details on prioritization). Priority watersheds for agroforestry are in the Indian subcontinent and southeast and east Asia, as well as a portions of central America, the Caribbean, and Europe. For avoided forest conversion and reforestation, priority watersheds are generally in Africa, as well a few watersheds in Europe. Note that within each watershed, only a small fraction of the area is prioritized for NBS, since actions can also be prioritized at the pixel level. For instance, the area around Lagos, Benin City, and Port Harcourt (inset map in Figure 5) is an interesting example of a region with priority sites for all three NBS.
[image: Graph A shows a cumulative global carbon sequestration curve against the area of implementation in million hectares, with values increasing steadily. Map B highlights priority basins worldwide for different environmental actions: reforestation, afforestation, and agroforestry, marked in green and yellow. An inset map of Western Africa is also included.]FIGURE 5 | Priority watersheds for co-benefits. (A) The area of conservation implementation for the best action versus the cumulative population with a significant benefit. Significant benefit is defined as at least a 20% increase in ecosystem service provision of a service other than carbon. Around 80% of all potential people with a benefit are reached by working in a small set of priority watersheds (gray shading), amounting to 35% of total area. (B) Priority watersheds, classified by the best NBS. The zoomed-in map shows pixel-level data from one region in Nigeria.
4 DISCUSSION
Our global analysis, like many global analyses, is conducted at a relatively coarse (300 m) resolution. It also does not account for different enabling conditions and constraints, which are often only known at the national or local level. Our research should not be used for site-level planning of NBS, but rather for regional priority setting. Given these important caveats, a few results are clear from our global analysis.
Key places for NBS vary depending on where they are feasible but have one common pattern: NBS provide ecosystem service benefits to a larger number of people in more densely populated landscapes, all else being equal. For instance, for reforestation and avoided forest conversion, portions of West Africa are key places to provide human wellbeing benefits, precisely because many people live close to where such interventions are possible and are likely to deliver important ecosystem services. At a regional or local scale, of course, many other factors come into play. Ecosystem services operate over a variety of scales, from shade provision at a very local level (10 s of meters) to hydrological services (downstream areas within watersheds) to global (carbon sequestration), which changes the optimal locations for ecosystem service delivery through conservation (McDonald, 2009).
On one hand, our research emphasizes that patterns of ecosystem service generation vary by service and by landscape, and that there can be varying degrees of synergies or tradeoffs among services. This matters from a public policy perspective since many of these ecosystem services are public goods, and have no real value in most market decisions (MEA, 2005). Carbon is a partial exception, as there are emerging carbon markets that incentivize changes in landcover that increase net carbon storage or sequestration. The most economically ideal places to implement carbon projects—for global benefit—are not necessarily the sites that will provide the most human wellbeing benefits to local people, so there is no reason to expect carbon markets to adequately provide human wellbeing benefits (McDonald, 2015).
We found a particularly pervasive tradeoff between carbon sequestration and water runoff (c.f., Jaramillo et al., 2018). Plants transpire water when they photosynthesize, the process that converts carbon dioxide to another form and sequesters it. Intercepted rainfall is also lost from plant leaves through direct evaporation. The three NBS strategies we included in our analysis increase plant biomass and thus increase evapotranspiration and decrease runoff. This can sometimes be useful, as has been shown in tropical rainforest systems, where transpiration from forests over large scales is linked to regional rainfall patterns that can offset some of these losses (Smith et al., 2023). However, our results indicate that in some locations, NBS have the potential to decrease water availability, increasing seasonal and annual water scarcity. In our analysis, these locations are primarily watersheds that already have high water stress (e.g., human water use is a large fraction of availability), so that additional water use in a scenario of NBS implementation makes this ratio meaningfully worse. Areas of currently high water stress in our results include the southwest of the United States, Chile and Peru along the west coast of South America, and the Indus River valley of Pakistan and India. In these kinds of water stressed basins, the additional water use requirements of a NBS must be considered carefully during decision-making.
Despite these potential trade-offs, there are sites where win-wins are possible (Figure 5), sites that can achieve goals for multiple objectives. These win-win sites are in places of high carbon density, often in tropical climates, where implementation of NBS has large carbon mitigation potential. They also are landscapes with high population density, so there are large local co-benefits provided from the NBS. Geographically, priority basins are concentrated in Africa and southeastern Asia. There remain win-win sites to choose from, if both carbon and human wellbeing benefits are considered jointly.
To implement NBS on these win-win site, multi-benefit planning needs to be encouraged and incentivized. Currently, ecosystem service benefits are considered through a variety of overlapping planning frameworks, policies, regulations, and incentives. For instance, increased water security might be delivered using government requirements for integrated watershed management, or due to regulations around water use. At the same time, a different agency in the national government may be planning for climate mitigation sufficient to achieve that country’s goal for greenhouse gas reduction, and may be considering using NBS as one strategy for climate mitigation. Our results suggest that, where feasible, disparate plans and policies should more comprehensively account for geographical variation in ecosystem service provision to achieve a better overall outcome for society and drive action toward win-win solutions. Only by fully considering the multiple benefits nature provides can NBS fulfil its greatest potential.
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Research has shown that the collective network of domestic gardens could make a substantial contribution to climate change adaptation. One way to harness this contribution is by implementing Nature-based Solutions (NBS). However, due to the predominant focus on NBS applicable in large-scale and publicly available urban green areas, there is a lack of comprehensive research encompassing NBS specifically applicable to domestic gardens and their associated ecosystem services. Through a systematic review following the ROSES protocol, this paper provides an overview of the existing knowledge on small-scale NBS and climate resilient gardening practices, as well as, identifies research needs. This work contributes to the growing recognition of the spatial and ecological importance of domestic gardens for climate adaptation, and stresses the urgent need for more quantitative research on the range and effectiveness of ecosystem services provided by small-scale NBS. In this paper, we reflect upon the feasibility and practical implications of three specific NBS: the improvement of current lawn management practices, the reduction of sealed soil or pavement present, and the integration of trees in domestic gardens. We also acknowledge the potential of Citizen Science and governmental initiatives to engage citizens and improve the adoption of NBS in domestic gardens. Our work highlights the additional benefits and crucial role of urban planning and policy in integrating domestic gardens into broader climate adaptation strategies.
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1 INTRODUCTION
Can domestic gardens play an important role in climate change adaptation? In the face of rapid urbanization and population growth, urban areas have been increasingly affected by heatwaves, air pollution, floodings and droughts, all of which will become more prevalent in the future due to climate change (Kabisch et al., 2017; Department of Economic and Social Affairs, 2019). Compared to traditional and technical measures, integrating Nature-based Solutions (NBS) into climate change adaptation policies is considered more effective and sustainable (Pauleit et al., 2017; Albert et al., 2019; Krauze and Wagner, 2019). NBS are defined by European Commission (2015) as actions which are “inspired by, supported by, or copied from nature”, and that are designed to address a range of environmental challenges in an efficient and adaptable manner, while at the same time providing economic, social, and environmental benefits (p. 5). The implementation of NBS in cities has been increasingly recognized for addressing climate-related challenges by providing diverse ecosystem services (Krauze and Wagner, 2019; Sušnik et al., 2022; McPhearson et al., 2023), including improving heat-regulation, advancing carbon sequestration, and reducing water scarcity, while also contributing to overall human wellbeing and biodiversity (Dewaelheyns, 2014; Beumer and Martens, 2016; Krols et al., 2022).
While much attention has been given to NBS applicable in large-scale and publicly available urban green areas, such as urban forests or sustainable urban drainage systems (Cameron et al., 2012; Haase et al., 2019), one vital area has remained hidden and largely unexplored—the private domain of domestic gardens. Turner (2005) describes gardens as “areas set aside for the cultivation and enjoyment of plant and other natural life”, emphasising how gardens combine cultivation (enhancing the natural environment or producing food) and enjoyment (recreational use), distinguishing them from purely agricultural or natural areas. Cameron (2012) further notes that domestic gardens are typically adjacent to residential buildings, situated within a local and individual household setting. Here, residents, whether owners or tenants, have the autonomy to manage their gardens personally or delegate this responsibility to professionals, underscoring the private nature of these spaces (Cameron et al., 2012).
Gardens are an integral part of the urban green and blue network and make up a significant portion of urban areas worldwide, ranging from 16% to 36% (Gaston et al., 2005; Mathieu et al., 2007; Loram et al., 2011; Cameron et al., 2012; Beumer and Martens, 2016; Yan et al., 2022). In Western Europe, this percentage is estimated to be even higher (Loram et al., 2011). Although specific numbers are limited, studies in the UK show that domestic gardens take up 35%–47% of the total green space in cities (Loram et al., 2007). Similarly, the extend of vegetated garden cover within the total urban area of Dunedin (New Zealand) was determined to be 36% (Mathieu et al., 2007). Research in Flanders (Belgium), the northern region of Belgium, estimated that domestic gardens cover more than one third of urban areas, and over 12% of the Flemish territory. This surpasses the present Flemish surface area of nature conservation (<5%) and forests (10%) (Strosse et al., 2020).
Despite their number and extent, domestic gardens have been largely missing in urban climate research, which may be due to their small scale, spatial fragmentation, and private character (Gaston et al., 2005; Mathieu et al., 2007; Dewaelheyns, 2014). Nevertheless, their collective network, the so-called ‘garden complex’, could make a substantial contribution to climate change adaption and the local quality of life by enhancing the various ecosystem services they provide (Dewaelheyns, 2014). Previous studies by Cameron et al. (2012), Langemeyer et al. (2019) and Krols et al. (2022) have explored the contribution of gardens to ecosystem services provisions, yet they primarily offer descriptive lists of ecosystem services without further refinement. Although these studies highlight that differences in both form and management of domestic gardens influence the ecosystem services benefits, limited research has been conducted specifically on the climatic impact of garden management (Cameron, 2023). Moreover, existing studies are limited to a particular scientific field, such as biodiversity, urban hydrology or soil research (Dewaelheyns et al., 2013; Tresch et al., 2019).
Hence, there is a need to update the understanding of the ecosystem services provided by gardens and to explore what gardens exactly contribute to climate change adaptation. One way to harness this contribution is by implementing NBS within the domestic garden context. The research questions are: (i) ‘Which NBS are applicable in domestic gardens?’ and (ii) ‘How and to what extent can these NBS provide climate change adaptation?’. Building on Turner (2005) and Cameron et al., 2012 definitions of domestic gardens, we further define NBS within this context as solutions that enhance the cultivation and enjoyment of natural life, tailored to the limited and local space of domestic gardens and easily accessible for voluntary adoption by residents. By performing a systematic review, we aim to consolidate existing knowledge on these small-scaled NBS applicable within domestic gardens and provide a well-documented inventory of their contributions to enhance the climate change adaptation potential of domestic gardens. This inventory could serve as a starting point for policymakers and planners looking to leverage that potential within their climate change adaptation strategies.
2 SYSTEMATIC REVIEW
2.1 Koppen-Geiger climate zone ‘Cfb’
The review focusses specifically on the Western European region classified as Koppen-Geiger climate zone ‘Cfb’, including the UK, the Netherlands, Belgium, Luxembourg, France, Germany, and Switzerland (Peel et al., 2007). Urbanization in Western Europe has evolved organically over centuries, resulting in an intricate network of different land uses, ribbon development and urban sprawl, intertwining domestic gardens throughout the territory (Dewaelheyns et al., 2018; 2014; EEA, 2016; Vermeiren et al., 2022). This historical interconnectedness of domestic gardens with spatial development patterns specifically offers potential for local climate change adaptation (Dewaelheyns, 2014). Although the spatial context may differ in other regions, for example, the US (Akbari et al., 1997; Nassauer et al., 2014; 2009; Larson et al., 2022; 2009; Harris et al., 2012), analogies with urbanization patterns elsewhere makes Western Europe an interesting case. This includes considering the influence of policies promoting consumerism, the embrace of rural lifestyles, challenges from private housing development and governance ambiguities (den Heijer and Coppens, 2013).
The review aims to identify NBS that are particularly well-suited for addressing climate-related challenges and opportunities specific to the Western European ‘Cfb’ regions and their climatic patterns. These regions experience a maritime temperate climate with significant precipitation throughout the year and are characterized by mild summers due to cool ocean currents and winters that are usually cloudy and wet (Peel et al., 2007).
2.2 ESS garden model
To structure the systematic review, we developed ESS Garden model, built upon the ecosystem services (ESS) cascade model of CICES v5.1 (2017) (Figure 1) (Potschin et al., 2018). The CICES cascade model is a conceptual framework that was developed to explain how the ecosystem services paradigm can be used to understand relationships between people and nature (MEA, 2004; EEA, 2017). The model helps to explain benefits that ecosystem services provide for society, as well as how ecosystem services themselves are determined by natural structures and processes (Potschin and Haines-Young, 2011; Potschin and Haines-Young, 2016).
[image: Flowchart illustrating the role of Nature-Based Solutions (NBS) in gardens for climate change adaptation. It includes garden structures and components like vegetation, water, and soil, leading to garden functions and processes, which then provide ecosystem services. Icons represent impacts like global temperature regulation, water purification, air quality improvement, and carbon dioxide reduction.]FIGURE 1 | The ESS Garden Model based on (i) the CICES cascade model, and (ii) the MEA ecosystem services classification (MEA, 2004; EEA, 2017). Garden structures and components are divided over three garden covers where NBS can be implemented. In turn these NBS can provide relevant ecosystem services to address local urban environmental challenges related to climate change such as flooding, drought, and heat stress.
We restricted the biophysical structures and components to the garden context and focus solely on the environmental aspects of climate-related ecosystem services. We included three key garden covers to which NBS can be applied: vegetation, water, and soil. From the Millennium Ecosystem Assessment (MEA) classification (MEA, 2004), we selected relevant ecosystem services by prioritizing those that have a climatic impact or that can help alleviate local urban environmental problems, such as flooding, drought, and heat stress. These include local climate regulation, water regulation, air quality maintenance, and wind regulation. Recognizing the potential contribution of small-scale NBS in domestic gardens to increase carbon storage and other aspects of global climate regulation, we also included this aspect as part of the reviewed ecosystem services. This approach ensures a more comprehensive understanding of the overall impact of NBS across different scales.
The ESS Garden model simplifies the complex relationships between small-scale NBS and the ecosystem services they provide. Similar to the cascade model, it offers a vocabulary to better understand what ecosystem services can be provided by small-scale NBS that are useful for climate change adaptation (Potschin et al., 2018).
2.3 ROSES protocol
The ROSES review protocol is used to consolidate and document the existing knowledge on small-scale NBS suited for implementation within domestic gardens. This systematic review protocol builds upon the foundations of well-known reporting standards like PRISMA and is particularly tailored for conservation and environmental management research (Haddaway et al., 2018). It serves as a reporting and guidance tool designed to improve the efficiency and critical appraisal of the systematic review. It consists of an extensive checklist/report (Supplementary Appendix A) and flow diagram (Figure 2) designed to register all necessary information on how the systematic review was conducted to increase transparency and to ensure that the systematic review is of high standards (Haddaway et al., 2018; Drepper et al., 2021).
[image: Flow diagram showing the PRISMA-like process of identifying and screening records for a study. It starts with 4,503 records identified through database searching and none from other sources. After removing duplicates, the numbers are filtered down through screenings by title, abstract, and full text. The final synthesis includes 71 articles. Exclusions at each stage are detailed, such as climate zone and language for initial screening, and reasons for exclusion include unavailability and irrelevance. The diagram visually represents the narrowing of articles through various review stages.]FIGURE 2 | ROSES flow diagram of the systematic review. The flow diagram illustrates the screening and selection process of articles for the systematic review. Out of the 245 articles reviewed at full text level, 70 articles were ultimately included in the review.
Data was collected on the first of November 2023, from literature available on Web of Science Core Collection (WOS) and Scopus, using predetermined and tested search strings based on the ESS Garden model (Table 1). These search strings targeted literature exploring the interplay between NBS and gardens, and their roles in delivering ecosystem services. By including specific keywords such as “Nature-based Solutions”, “yard”, and “garden (management)” alongside with terms related to “ecosystem services” or environmental benefits, we aimed to target studies that focussed on their impact on key garden covers: vegetation, water, and soil. Since ‘ecosystem services’ or ‘Nature-based Solutions’ are both relatively recent scientific concepts, supplementary vocabulary related to urban green, nature, environment, and ecology was incorporated to reduce publication bias and cover reliability over time.
TABLE 1 | The predetermined and tested search string used to scan literature.
[image: Table displaying Boolean-style search strings for two platforms: Web of Science Core Collection and Scopus. Both include keywords such as "NBS," "Nature-based Solutions," "ecosystem services," "environment," "yard," "garden," and others related to ecological functions. Strings are composed of multiple combined phrases using operators like AND and OR.]After extracting records from WOS and Scopus, the screening strategy focussed first on filtering literature on the relevant Koppen-Geiger climate zone ‘Cfb’, and literature written in English. Next, literature was screened at title-level, followed by the abstract and key-words. Based on predefined inclusion criteria (Table 2), studies covering both practical applications and theoretical explorations of the implementation of NBS within the domestic garden context were included. This approach aimed at offering a broad overview of the potential of NBS in domestic settings, with desired outcomes being improvements in ecosystem services or climate adaptation. If all the inclusion criteria were met (Table 2), literature was saved in the Mendeley Reference Manager software, and full-text screening was performed independently by three authors (Supplementary Appendix B). The ROSES flow chart in Figure 2 exposes the full body of literature.
TABLE 2 | Overview of the inclusion-criteria for full-text review.
[image: Table with inclusion criteria for studies. Population: focuses on climate adaptation or ecosystem services. Interventions: NBS or climate-resilient practices. Comparators: any. Outcomes: improvement in services or adaptation. Study designs: any. Climate zones: temperate climate, Koppen-Geiger type 'Cfb'. Languages: English. Date ranges: none.]To address potential publication bias, a comprehensive quality assessment was performed. This involved assigning a quality score to all included studies, categorizing them into low, medium, or high susceptibility to bias. Studies that are categorized as low susceptibility to bias, explicitly mention the link between NBS and the ESS they deliver, provide robust quantitative results, and detailed methodological approaches for transparency and replicability. Medium susceptibility studies similarly mention the link and provide quantitative results, however, these results are either suboptimal or derived from modelling, indicating a need for caution in interpretation. Lastly, high susceptibility studies only make reference to the link between specific NBS and ESS without providing supporting quantitative results (Supplementary Appendix B).
Data extracted from the final set of research papers is systematically organized using the ESS Garden model (Figure 1) resulting in an inventory of ecosystem services and NBS that provide them, with details covering NBS description, implementation, and management (Supplementary Appendix C). To ensure the reliability of the review, two independent authors tested the consistency of data extraction and validity assessment across a subset of six publications (8.6%), using the same indicators for inclusion or exclusion. This systematic approach aligns with the essential criteria for systematic reviews outlined by Bown and Sutton (2010).
3 RESULTS
3.1 Global results of the systematic review
A total of 3,498 and 4,925 records were obtained from the Web of Science (WOS) and Scopus, respectively. From these initial records, 6,351 were excluded based on the language and geographic location requirements (Table 2) and 607 duplicates from both WOS and Scopus were removed. Subsequently, another 1,204 articles were excluded after title and abstract screening. Even though 246 articles were reviewed at full text level, only 71 remained for inclusion in the synthesis after screening and critical appraisal of the specific studies included in these articles (Figure 2). Most of the excluded articles focused on NBS that were specifically designed on a city-scale (e.g., urban forests, riparian buffers, large-scale bioswales) which did not align with the objectives of this research.
The distribution of articles for which the full text was screened, categorized by their year of publication, demonstrates a notable increase in literature corresponding with the introduction of the scientific term NBS (2015) (Figure 3). This expansion suggests a growing recognition and integration of the concept in research, leading to a substantial growth in the body of literature. Another noticeable trend is the increase of relevant publications that were ultimately included in the systematic review, particularly with the introduction of import garden research contributions, including (i) the first garden research in climate zone ‘Cfb’ (Gaston et al., 2005), and (ii) the first research exploring ecosystem services provided by gardens (Cameron et al., 2012; Cook et al., 2012) (Figure 3).
[image: Line graph showing the number of articles from 1995 to 2019. The data is categorized into two groups: full text with two hundred forty-five articles and included articles with seventy. A significant increase is visible after 2011, especially in included articles. NBS is marked on the graph.]FIGURE 3 | Illustration of the distribution of articles by publication year. The figure distinguishes the articles read at full-text level (shown in grey) and those included in the synthesis of the literature review (shown in blue). Additionally, the introduction of the term Nature-based Solutions (NBS) is highlighted, as well as, key research achievements including (i) the first garden research in climate zone ‘Cfb’, and (ii) the first research exploring ecosystem services provided by gardens.
Figure 4 illustrates the spatial representation of the research included in the systematic review. Studies concerning small-scale NBS within climate zone ‘Cfb’ have predominantly been conducted in the UK (24%) and France (13%). The remaining references do not target a specific geographical location and comprise of theoretical studies or other reviews which mainly focus on the city-scale and include only a limited number of NBS applicable to domestic gardens.
[image: Map of Europe highlighting geographical distribution with blue circles across regions, particularly the UK, France, and Germany. Includes a legend indicating climate zone classification 'Cfb'. Scale and compass are shown.]FIGURE 4 | Illustration of the geographical distribution of articles included in the synthesis. The figure shows a spatial representation of the research included in the systematic review, with the size of each circle corresponding to the number of studies conducted in that specific area.
3.2 Nature-based Solutions applicable to domestic gardens
The systematic review resulted in a descriptive inventory of 10 small-scale NBS that support climate adaptation in domestic gardens by providing ecosystem services. These NBS are specifically suitable for implementation in domestic gardens given their spatial compatibility with domestic gardens of all sizes (Table 3) and are categorized by the garden cover they can be applied to (e.g., vegetation, water, or soil).
TABLE 3 | Overview of the 10 NBS suitable for domestic gardens resulting from the systematic review.
[image: Table listing nature-based solutions (NBS) applicable to domestic gardens across three categories: Vegetation, Water, and Soil. Vegetation solutions include increasing tree cover, green roofs, façade greening, diverse understory creation, reducing lawn mowing, and minimizing chemicals. Water solutions cover natural water bodies, rainwater harvesting. Soil solutions involve greening bare soil and applying organic amendments. References are cited for each solution.]The primary focus of our review was to prioritize NBS supported by more robust and well-documented data. NBS focused on urban food production and soil contamination were excluded due to insufficient information regarding their specific ecosystem services or climate change adaptation potential. Similarly, NBS focused on highly specific applications like hardscaping, which involves integrating rocks, walls, and fences with plants for landscaping and energy savings (Sharath and Peter, 2019), were excluded due to a lack of supplementing information in general.
We maximized the inclusion of information from the systematic review by grouping certain NBS together when specific applications lacked sufficient data for meaningful comparisons or reliable conclusions. First, applications with similar characteristics, such as different types of water bodies, or comparable effects of practices like liming, fertilization, and pesticide use, were grouped together (e.g., ‘Installing a (natural) water body or rain garden’ and ‘Minimizing the application of liming, fertilizers, and pesticides’). Second, applications demonstrating coherence and aligning characteristics, such as ‘Greening of bare and sealed soil’ or ‘Creating a complex and diverse understory’ were grouped as they both contribute to the strengthening of a broader NBS.
Table 4 shows an overview of the links between NBS and their ecosystem services, highlighting research hot-spots as well as gaps. In the included NBS research, water regulation appears to be the primary focus, followed by local climate regulation. In contrast, papers focusing on wind regulation are rare. We found that the included literature extensively explores the contribution of the NBS ‘Increasing tree cover’ across all included ecosystem services. Concerning their climate change adaptation potential, the most studied NBS are ‘Increasing the tree cover’, ‘Installing a green roof’ and ‘Greening bare and sealed soil’. Despite being the least studied NBS, ‘Reducing lawn mowing’ was deemed important considering its potential impact, especially considering the prevalence of short-cut lawns in domestic gardens worldwide (Runfola et al., 2013; Ignatieva et al., 2020).
TABLE 4 | Overview of the link between NBS and ESS mentioned in the reviewed research. The numbers in the table represent the count of articles included in the systematic review that establish a link between a specific NBS and an ESS. The total of articles mentioning a particular NBS are provided at the end of each row, while the total of articles mentioning the ESS are presented at the top of the columns. The shading intensity visually represents the proportional frequency of these associations.
[image: Table showing the number of articles related to ecosystem service strategies (ESS) in a systematic review. Categories include Vegetation, Water, and Soil, with subcategories like increasing tree cover and installing green roofs. Columns cover local climate regulation, water regulation, air quality maintenance, wind regulation, and global climate regulation. Each cell indicates the number of articles, with totals at the end. For example, 13 articles focus on increasing tree cover for local climate regulation, totaling 51 articles in that category. Overall, there are 71 articles in the review.]3.3 Ecosystem services provided by NBS in the garden context
Our systematic review synthesizes the effectiveness and extent to which NBS applicable in domestic gardens can provide ecosystem services for climate change adaptation. With ‘extent’ we refer to the range of ecosystem services provided by the NBS, while ‘effectiveness’ refers to the degree to which these NBS successfully deliver those services, often supported by quantitative results. Therefore, we supplemented our overview of the research hotspots and gaps of the links between NBS and ecosystem services with the quantitative results from our systematic review (Table 5).
TABLE 5 | Overview of the quantitative results derived from the systematic review. The table highlights quantitative results on the link between specific NBS and ESS, derived from the systematic review of 71 articles. Darker shading indicates quantitative results, while lighter shading indicates a mere mention of the link. Grey shading with diagonal hatching signifies that no links were found in the reviewed research, and “NA” indicates no observed effect of the NBS on the specific ESS.
[image: Chart detailing the effects of nature-based solutions on ecosystem services: vegetation, water, and soil contribute to local climate regulation, water regulation, air quality maintenance, wind regulation, and global climate regulation. Various actions, such as increasing tree cover and installing green roofs, impact these services by reducing temperatures, surface runoff, and pollutants, among others. Some actions show no effect in certain areas, marked as "NA."]When compared to Table 4, the systematic review included some explicit results, although some of them are rather general. Specifically, our review provided quantitative outcomes for only 30% of the specific connections between NBS and their roles in delivering specific ecosystem services. These outcomes were limited to seven out of the ten NBS studied. For about 44% of the researched combination of NBS and ecosystem services, general information was provided. Remarkably, our systematic review revealed that in 14% of the cases, a specific NBS was never reported in the included literature to provide the corresponding ecosystem services.
The majority of included studies are either theoretical or review studies (43%), modeling or simulation studies (26%), or experimental research (16%), while objective measurement studies are limited (14%). The remaining 3% consisted of qualitative research. Moreover, a range of different methodologies, units or metrics, and spatial ranges are used across the quantitative studies (Supplementary Appendix B).
Most of the quantitative data available concerned local climate regulation, while no quantitative data was available for wind regulation. The NBS ‘increasing the tree cover’ generated the most explicit results concerning its climate change adaptation potential across all ecosystem services. Although there is a vast amount of quantitative research conducted on trees, this systematic review identified only seven quantitative studies in Climate Zone ‘Cfb’ that were relevant to garden-scale applications. Even though garden management often involves making decisions regarding watering, soil improvement, and plant growth, no specific quantitative results were found for ‘harvesting rainwater’, ‘applying organic amendments’, or ‘greening bare and sealed soil’. Despite limited availability of literature concerning ‘reducing lawn mowing’, it yielded more quantitative results than the average NBS (Table 5).
4 DISCUSSION
4.1 Relevance and feasibility of NBS in the garden context
The research included in the systematic review primarily focuses on NBS related to vegetation (59%). NBS concerning water (22%) and soil (19%) received less attention, indicating a need for additional efforts in these areas (Table 3). Despite this distribution, the systematic review does clearly highlight the climate change adaptation potential of NBS in domestic gardens. However, it also highlights a significant lack of quantitative data to support this claim. About 58% of the results from the systematic review provide either only general information or indicate a missing link between NBS and the ecosystem services, emphasizing this urgent need for more quantitative data on small-scale NBS.
Furthermore, even when quantitative results are available, a variety of methodologies and spatial ranges are utilized (Supplementary Appendix B), making comparisons between different NBS and the ecosystem services they provide impossible. This underscores the need for standardized approaches to enable comprehensive assessments in future research efforts.
Moreover, while spatial compatibility and the scale of NBS are crucial prerequisites for the successful implementation in domestic gardens, it is essential to consider various other factors. This includes evaluating the necessity and the feasibility of integrating specific NBS within the domestic garden context, key aspects that are not included in the reviewed articles. Surprisingly, none of the 71 included articles specifically address practical implications that significantly impact the effectiveness and long-term benefits of NBS implementation in domestic gardens. NBS are not one-size-fits-all solutions, and not every NBS is easily adopted by private gardeners, either due to technical constraints, financial limitations, or behavioral considerations. We reflect upon the necessity and the feasibility of shifting towards extensive lawn management, minimizing soil sealing, and expanding tree canopy cover in domestic gardens.
4.1.1 Shifting towards extensive lawn management
Worldwide, urban green areas are predominantly covered by lawns, covering around 50%–70% (Ignatieva and Hedblom, 2018). In the US, lawns cover over 163,000 km2 and are particularly prevalent within residential areas (Runfola et al., 2013; Lerman and Contosta, 2019). Within Sweden, their coverage is estimated to range between 23%–31% of the country, and half of its urban green areas (Hedblom et al., 2017). In Flanders (Belgium), 16% of the total surface area of gardens consists of intensively managed lawns (derived from Strosse et al., 2020). As their neat and functional appearance is perceived as a sign of wealth, the majority of lawns in domestic gardens are subjected to intensive management practices mainly including frequent mowing, fertilization, liming and irrigation. (Bormann et al., 1994; Cook et al., 2012; Lerman et al., 2018). As illustrated by our systematic review, this socially and culturally ingrained approach to lawn management can have a pronounced effect on the local environment and climate (Selhorst and Lal, 2013).
Our literature review revealed that petrol-powered lawn mowing specifically emits 1.5 times more carbon than the lawn itself is able to sequester (Cameron et al., 2012). This occurs not only due to emissions but also as a result of frequent mowing practices, often exceeding 20 times a year, which leads to reduced organic matter. Additionally, many gardeners dispose of their grass clippings, further depleting organic matter present. Furthermore, elevated pH levels resulting from excessive liming accelerate the breakdown of organic matter in lawns, hindering their ability to effectively sequester carbon in the soil. A striking 80% of soils beneath Flemish lawns have a carbon content lower than the target zone, which is determined by the optimal condition relative to the soil type and organic matter content (Dewaelheyns et al., 2013; Tits et al., 2021). Our systematic review also found that often frequently fertilized lawns emit up to 10 times more N2O compared to adjacent agricultural grasslands (Cameron et al., 2012).
In spite of that, when managed properly, grasslands have the potential to sequester a similar amount of carbon (2.8 Mg C ha-1 year-1) as forests (3.2 Mg C ha-1 year-1) (Selhorst and Lal, 2013). Turfgrass alone has demonstrated relatively rapid carbon sequestration potential, reaching 0.32–0.78 C ha-1 year-1 within the initial 4 years (Qian and Follett, 2002; Qian et al., 2010). Given the prevalence of lawns in urban areas, particularly in domestic gardens, their impact on carbon sequestration cannot be underestimated. For example, when all short-cut lawns in Flanders (Belgium), encompassing approximately 60,420 ha, are managed sustainably and even surpass the initial target zone, they have the potential to sequester an estimated extra 845,880 tons of carbon annually (derived from Tits et al., 2021; Dewaelheyns et al., 2013; Van Meerbeek et al., 2019). Next to carbon sequestration, our systematic review also indicated that opting for a less intensive lawn management reduces water requirements by up to 10 times compared to traditional lawns (Cameron et al., 2012). The NBS ‘reducing mowing frequency’ and ‘minimizing the use of lime, fertilizers, and pesticides’, are thus highly relevant as they can enhance climate adaptation in domestic gardens to impacts such as drought, heat stress, and flooding (Shwartz et al., 2013; Tresch et al., 2018). Nevertheless, our systematic review reveals that to date, no quantitative research has been done to assess the benefits resulting from shifting from an intensive to extensive lawn management in domestic gardens, specifically for local climate regulation.
The adoption of climate adaptive lawn management practices can lead to economic benefits at the individual level, such as reduced costs, time savings, and decreased environmental impact (Ignatieva and Hedblom, 2018). Citizens can reduce expenses on inputs like irrigation, pesticides, and fertilizers. Improved soil health from better management leads to reduced water usage, further lowering costs. Healthier lawns require less maintenance, saving time and energy (Selhorst and Lal, 2013). Less intensively managed lawns possess greater plant diversity, feature an abundance of flowers and attract a wider variety of fauna (Lerman et al., 2018).
Nevertheless, the successful implementation of these NBS relies entirely on adapting garden management practices and behaviors. While reducing lawn mowing frequency and minimizing the use of chemical inputs may require less frequent efforts and do not necessarily pose any economic or biophysical constraints, the need for behavioral change introduces a social constraint or hesitance. Adopting a more integrated approach to lawn management requires time and effort to study, seek advice, and explore alternative strategies. This social hesitance can arise from the additional steps and considerations involved in transitioning to new practices, which may require individuals to be receptive to change. Social hesitance can also arise from a social norm or a sense of social responsibility towards the neighborhood or community to keep lawns short and tidy (Robbins, 2008; Eisenhauer et al., 2016; Sisser et al., 2016).
The main obstacle to the effective implementation of these NBS in the garden context is the deeply ingrained preference for evergreen lawns and the societal constraints associated with this idealized image (Cook et al., 2012). Citizen science (CS) campaigns promoting climate adaptive lawn management, however, have already been successful in engaging individuals (Southon et al., 2017; Ignatieva and Hedblom, 2018; Lerman et al., 2018). Recent initiatives like ‘No Mow May’ have shown remarkable promise by encouraging reduced mowing during the month of May to support biodiversity (Plantlife, 2023). Originating in the UK, this initiative has gained widespread attention and global adoption including in Canada, Denmark, and the region of Flanders (Belgium). The Flemish version ‘MaaiMeiNiet’ has gained significant popularity over the past years, attracting more than 6,000 officially registered participants in 2021 and over 9,000 officially registered participants in 2022 (Knack, 2023). Although intensive lawn management is culturally embedded and socially ingrained, these CS campaigns do demonstrate public willingness to alter lawn management habits, highlighting the potential of these NBS in domestic gardens.
4.1.2 Minimizing soil sealing
Soil sealing is a significant issue in Europe, affecting 88,565 km2 of land, with each EU inhabitant being associated to around 200 m2 of sealed soil (Copernicus, 2018). This challenge is particularly evident in urban areas, where soil sealing occupies 20%–49% of the EU’s surface (Laćan et al., 2020). In the UK, 9,338 km2 is sealed, while Belgium and the Netherlands have approximately 8.2% of their total surface area affected. In Flanders (Belgium), 14% of the soil is sealed, which exceeds the European average by 7.2% (Departement Omgeving, 2018). This soil sealing is largely attributed to urban sprawl, the rapid urban expansion into smaller settlements connected by a dense road network (Antrop, 2004; Verbeeck et al., 2014; Vermeiren et al., 2022). Given that research has already shown elevated levels of sealed soil in front gardens, people may extent this habit of excessive paving within their domestic gardens for a number of reasons (Heikoop, 2022). Much like evergreen lawns, paved surfaces offer convenience as they require minimal maintenance and provide a uniform and tidy appearance contributing to a certain aesthetic appeal (Cook et al., 2012; Eisenhauer et al., 2016). Some people also choose to pave their gardens to create functional space for outdoor activities or parking (Perry and Nawaz, 2008; Cameron et al., 2012). Unfortunately, this trend worsens climate change impacts in urban areas, leading to increased heat stress and flooding (Kabisch et al., 2017). This is exemplified by the city of Leeds (UK) where a 13% increase in sealed soil over 30 years, primarily due to front garden paving, has been directly linked to more frequent and severe floodings in the region (Perry and Nawaz, 2008; Cameron et al., 2012). In Flanders (Belgium), almost 20% of domestic garden surfaces are paved, emphasizing the need to consider the environmental impact of excessive paving (derived from Strosse et al., 2020).
Sealed soil lacks the ability to sequester carbon (Cameron et al., 2012; Pereira et al., 2021). In addition, pavement contributes significantly to the Urban Heat Island effect leading to elevated local temperatures with increased soil sealing (Beumer and Martens, 2016; Ziter et al., 2019). The impermeable nature of pavement increases surface runoff as it prevents water from infiltrating into the ground, leading to reduced groundwater recharge, increased risks to flooding and alleviated pressure on urban drainage systems (Veerkamp et al., 2021).
Through methods like breaking out and removing pavement or utilizing alternatives like vegetated grid pavement, the NBS of ‘greening sealed soil’ offers a relatively straightforward solution to mitigate these negative consequences (Langergraber et al., 2020). Our review highlights that the cooling effect of vegetated patches, due to shading and evapotranspiration processes, can lead to temperature reduction from 1°C to 4°C depending on the spatial arrangement, the surface area and the vegetation type (Derkzen et al., 2015; Canet-Marti et al., 2021). To illustrate, grass-covered areas already show an average temperature reduction of 0.55°C compared to sealed surfaces (Knight et al., 2021). However, our systematic review also reveals a lack of quantitative results on the contribution of minimizing soil sealing to other ecosystem services.
Despite the potential benefits of ‘greening sealed soil’, implementing this NBS may face various constraints. Social constraints arise from limited awareness on the environmental impact of sealed surfaces, resistance to change, and personal preferences for paved surfaces. Furthermore, reluctancy to remove pavement can also be attributed to spatial constraints attributed to garden size or soil conditions. Additionally, greening sealed soil involves cost considerations associated with removing and processing the existing pavement or investing in alternatives like vegetated grid pavement. Moreover, it requires a substantial physical effort to carry out the necessary changes or might involve outsourcing the work to professionals in case of physical limitations.
While the process of greening sealed soil may require some social, economic, and physical effort, its benefits are substantial, offering a relatively straightforward solution. The CS campaigns ‘Nederlands Kampioenschap Tegelwippen’ (Dutch Championship Tile Flipping) in the Netherlands and ‘Vlaams Kampioenschap Tegelwippen’ (Flemish Championship Tile Flipping) in Flanders (Belgium) have already successfully promoted this NBS. Using a gamification format, these campaigns encourage citizens and municipalities to remove tiles from their outdoor spaces and replace them with green surfaces (Departement Omgeving and vzw, 2023; Frank Lee, 2023). Municipalities frequently support citizens by collecting the removed tiles and either recycling them into construction materials or ensuring their responsible disposal, highlighting the campaigns’ overall commitment to sustainability (Gemeente Waalwijk, 2023; Stad Leuven, 2023). The initiatives collect data on the number of tiles removed and the corresponding increase in green spaces, fostering community engagement and raising awareness about the importance of greening sealed soil. In the Netherlands the CS campaign has successfully resulted in the removal of an impressive 2.8 million pavement tiles in 2022 (Frank Lee, 2023), demonstrating public and governmental willingness to overcome the aforementioned social, economic and physical constraints.
4.1.3 Expanding tree canopy cover
In our increasingly urbanized world, the spatial importance of trees is evident for climate adaptation and improving the overall quality of life. The urgency and importance of trees within urban landscapes gained significance as early as 1994 by the research conducted by McPherson and colleagues. Their work revealed that an increased tree cover could reduce local air temperatures by 0.5°C and lower total heating and cooling energy use by 5%–10% annually (McPherson et al., 1994). Later studies by Akbari et al. (2001) supported these findings, indicating that urban trees have the capacity to reduce national energy use for air conditioning in the US by up to 20% (Akbari et al., 2001). However, recent studies show that global urban tree cover is declining by 40,000 ha/year, while global impervious cover is increasing by 326,000 ha/year (Nowak and Greenfield, 2020). As urban areas continue to expand, the urgency to integrate trees in the urban fabric to create more climate resilient cities becomes more pressing.
Our systematic review stresses this urgency of integrating trees to enhance climate adaptation in domestic gardens. It highlights that trees are widely recognized for above ground carbon sequestration, storing an average of 10.64 kg/m2 (Derkzen et al., 2015), with mature and diverse trees demonstrating a greater capacity (Pereira et al., 2021). They contribute to mitigating the Urban Heat Island effect by regulating micro-climates and reducing greenhouse gas emissions related to building energy use through shading and evapotranspiration (Cameron et al., 2012; Baró and Gómez-Baggethun, 2017). Broadleaf trees block 70%–95% of solar radiation (Knight et al., 2021), and deciduous trees offer a seasonal heat-blocking effect (Mancebo, 2018). Evapotranspiration cools urban areas by approximately 0.76°C on average (Knight et al., 2021), with a single mature tree providing a cooling equivalent to operating a household air-conditioning unit for a day (Ellison et al., 2017). Trees also play a crucial role in sustainable urban water management by intercepting and temporarily holding water within their canopy with an average of 5,773 L per tree annually (Kotzen, 2021). They protect soil surfaces from rainfall impact, reduce peak flow and ease demand on urban drains (Davis and Naumann, 2017; Roeland et al., 2019; Oral et al., 2020). Trees are also effective windbreaks, protecting buildings from local turbulence and high wind speeds, with vegetation density and roughness enhancing their effectiveness (Nemitz et al., 2020). However, the systematic review revealed deviating results concerning the impact of trees on air quality, with some research stating that trees can cut particulate pollution by as much as 25% (Douglas and James, 2014) and other research suggests that adding just one tree has a negligible impact or even worsens air quality by emitting biogenic volatile organic compounds and producing wind-dispersed pollen (Nemitz et al., 2020; Evans et al., 2022).
As our systematic review illustrates, the NBS of ‘increasing the tree cover’ contributes to all included ecosystem services, indicating a significant potential for climate adaptation. However, it is essential to consider the local context, spatial limitations, urban planning regulations and the social controversies surrounding trees. Planting trees is not a straightforward solution and factors such as soil type, prevailing climatic conditions, strategic tree placement to avoid obstructing ventilation, and appropriate species selection are crucial considerations for successful implementation. This stresses the importance of selecting tree species based on scientific evidence and implementing thoughtful planting strategies (Blanuša and Hadley, 2019; Blanuša et al., 2020; Orta-Ortiz and Geneletti, 2021). Integrating trees into garden designs is also not always feasible, particularly in compact spaces or due to restrictive urban planning regulations (Sousa-Silva et al., 2021). The many diverse social controversies surrounding trees—ranging from concerns related to obstructing views, leaf litter and associated insect nuisances to potential neighborhood conflicts and the need for effective tree management—should also be acknowledged as they often lead to tree removal or reluctancy to integrate trees. Even though, effective tree management can indeed involve tasks requiring time and physical effort such as pruning, thoughtful and strategic planning can significantly reduce the necessary efforts.
While the integration of trees requires thoughtful planting strategies and faces various social controversies, the systematic review highlights their significant potential for climate adaptation. Cities worldwide are actively pursuing tree planting campaigns and programs for their environmental and health benefits (Akbari et al., 2001; Lerman et al., 2018; Sousa-Silva et al., 2021). For instance, the ‘MillionTreesNYC’ campaign has successfully added one million trees, with 70% planted in public green spaces by the city and 30% by private organizations, homeowners, and community organizations. The campaign engaged citizens in planting and maintaining urban trees, fostering a sense of ownership and mitigating social controversies (MillionTreesNYC, 2015). Similarly, programs such as ‘Trees for Streets’ in London engaged citizens to sponsor local councils to facilitate increased tree planting (Trees for Cities, 2023). These abovementioned initiatives reflect a growing recognition that the environmental and health benefits of urban trees can outweigh perceived inconveniences, underscoring the potential of this NBS to transform urban landscapes for the better.
4.2 Ecosystem disservices in the garden context
While domestic gardens clearly contribute to climate change adaptation through the provision of ecosystem services, they can also be associated with ecosystem disservices such as habitat fragmentation, chemical pollution, water run-off, the introduction of invasive plant species and increased allergic reactions to pollen because of higher concentrations of flowering plants (Wang et al., 2015; Blanuša and Hadley, 2019; Cameron, 2023). Therefore, careful consideration of potential ecosystem disservices is essential, along with selecting appropriate NBS to mitigate these impacts and ensure their overall positive effect on the environment. This highlights the importance of taking a holistic and systemic approach in understanding the potential contribution of domestic gardens and implementing suitable NBS.
4.3 Planning and policy implications
Domestic gardens take up a significant share of urban environments worldwide and their design and management can contribute to climate change adaptation (Mathieu et al., 2007; Dewaelheyns, 2014; Baker and Smith, 2019). Citizen Science campaigns and governmental initiatives have already proven to be successful in engaging individuals and promoting environmentally conscious practices, contributing to the effective implementation of NBS in the domestic garden context. Such initiatives offer guidance, resources, or incentives to encourage the adoption of NBS in domestic gardens.
Urban planning and policy can significantly strengthen these benefits of engaging citizens and promoting environmentally conscious practices. By incorporating NBS for domestic gardens into urban planning frameworks and formulating supportive policies, they can further enhance the climate change adaptation potential of domestic gardens (Pauleit et al., 2017). However, empirical evidence is an indispensable basis for urban planning as well as governance guidelines and tools. The lack of quantitative data, standardized analysis approaches, and thorough insights into the decision-making patterns of gardeners hinder the development of effective urban planning and climate policies.
Furthermore, another essential urban planning and policy aspect involves exploring integrated approaches to overcome the fragmentation inherently related to domestic gardens. This entails recognizing gardens as essential elements of a larger green infrastructure network contributing to ecological, social, and climate-related benefits. This objective to go beyond the limitations of individual property lines, can be achieved by collective efforts involving various stakeholders, including individuals, local governments, experts, and organizations (Dewaelheyns et al., 2016).
In addition to the lack of empirical evidence and the need for integrated approaches, previous research has already identified a range of additional obstacles and challenges in the implementation of NBS, where urban planning and policy can play a key role. Examples of possible interventions are the development of design standards, addressing technological uncertainties, securing adequate funding, enhancing institutional capacities, and establishing robust legal frameworks to enforce NBS policies (den Heijer and Coppens, 2023; Dorst et al., 2019; Kabisch et al., 2017).
5 CONCLUSION
Domestic gardens can play an important role in climate change adaptation in Western Europe, given that evidence-based approaches are used–informed by quantitative results and standardized methods -, feasibility and practical implications are assessed, and ecosystem disservices are recognized. Rather than promoting to expand the spatial extent of domestic gardens, this paper emphasizes maximizing the efficiency and effectiveness of existing ones for climate change adaptation through the implementation of Nature-based Solutions (NBS).
Reviewing 71 articles, we identified ten NBS that effectively address climate-related challenges and opportunities, contributing to the growing recognition of the spatial and ecological importance of domestic gardens for climate change adaptation. However, a possible limitation of our research is that our systematic review might be influenced by publication bias. Nonetheless, our results stress both the urgent need for more quantitative research on the range and effectiveness of ecosystem services provided by small-scale NBS, and the necessity for standardized analysis approaches to enable comprehensive assessments and comparisons.
We highlight the necessity of integrating three specific NBS in the domestic garden context: the improvement of current lawn management practices, the reduction of sealed soil or pavement present and the integration of trees in domestic gardens. We reflect upon their feasibility and practical implications, including social constraints, financial requirements (implementation and management costs or material requirements), spatial limitations, labor involvement, time commitments, and necessary expertise. Even though substantial improvements can be made on these aspects, our research also confirms that NBS are no one-size-fit all solutions and require tailored approaches that are socially, ecologically and spatially explicit.
Our research acknowledges the potential of Citizen Science campaigns and governmental initiatives in addressing these challenges by engaging citizens, promoting climate adaptive practices, and improving the adoption of certain NBS in domestic gardens. Additionally, the role of urban planning and policy in integrating domestic gardens into broader climate adaptation strategies is crucial for enhancing the successful implementation of NBS in domestic gardens.
Future research should prioritize quantitative results concerning NBS in domestic gardens across various climate zones, ensuring a comprehensive understanding of NBS effectiveness in different environments. By developing practical strategies for implementing NBS through collaborations among scientists, citizens, and urban planners, the identified constraints can be addressed. Such comprehensive and holistic approach will contribute to the effective integration of NBS in broader urban planning strategies and policymaking, facilitating their widespread adoption and maximizing the climate change adaptation potential of domestic gardens.
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The global loss of coastal habitats is putting communities at risk of erosion and flooding, as well as impacting ecosystem function, cultural values, biodiversity, and other services. Coastal habitat restoration can provide a nature-based solution to the increasing need for climate adaptation on the coast while recovering lost ecosystems. Despite the benefits of using nature-based coastal protection to manage coastal hazards, there are scientific, socio-political and economic barriers to the broad use of this approach. Understanding the details of these barriers from the perspective of multiple stakeholders is essential to identifying solutions to overcome them. Using a workshop with participants that are key partners and stakeholders (from government, engineering consulting firms, and non-governmental organisations) in the management, design, and delivery of a coastal protection solution we aimed to: (1) gain a better understanding of the barriers faced by multiple stakeholders involved in the implementation of nature-based coastal protection; and (2) identify tangible solutions to these barriers to increase or support implementation, help focus attention on areas for future research, and inform pathways forward for the governance of nature-based coastal protection. We defined 19 barriers to nature-based coastal protection, but the primary ones that are experienced during the delivery of a project are a lack of: education and awareness; community support; necessary expertise and technical guidance; and uncertainty around: the risk reduction that can be achieved; planning and regulatory processes; and ownership of the structure. Two barriers that do not persist during the design stages of a project but are overarching as to whether nature-based coastal protection is considered in the first place, are government support and the availability of funding. The importance of these primary barriers changes depending on the method of nature-based coastal protection. We conclude by identifying both immediate actions and long-term solutions for enabling nature-based coastal protection in response to each of the primary barriers.
Keywords: coastal engineering, nature-based solutions, stakeholder workshop, barriers and solutions, living shorelines

1 INTRODUCTION
Climate change and continued human population growth are causing an increase in environmental, social, and economic pressures. Globally, there has been a substantial loss of natural ecosystems due to human-induced rapid environmental change (HIREC), caused by habitat loss/fragmentation, over-harvesting, the spread of invasive species, and pollution, as well as climate change and its wide-ranging impacts (Sih et al., 2011). This includes loss of marine and coastal ecosystems, with an estimated 85% of oyster reefs (Beck et al., 2011), 22% of wetlands (Fluet-Chouinard et al., 2023) and 50% of coral reefs (Eddy et al., 2021) lost worldwide. Global habitat decline affects critical ecosystem services such as carbon sequestration, water quality and fisheries productivity and increases the susceptibility of coastlines to hazards such as erosion and flooding (Barbier et al., 2011). This can negatively impact human wellbeing (Bowler et al., 2010) and the cultural connections of Traditional Owners to natural ecosystems (Sangha et al., 2019). Due to the scale of habitat decline, there is an increased focus on restoration efforts that aim to recover (to some extent) the structure and function of natural habitats that were once present (Banks-Leite et al., 2020). Aside from the benefit of restoring habitat, restoration practices can also be harnessed to protect, manage, or restore natural or modified ecosystems to simultaneously benefit both humans and nature (Cohen-Shacham et al., 2016). One such example is nature-based solutions for coastal protection. While nature-based solutions may have ecological trade-offs (e.g., a different community of species compared to natural habitats; Bilkovic and Mitchell, 2013) and implementation challenges (Morris et al., 2024), there is increasing recognition that their application not only has the potential to assist in managing erosion and flooding, but also contribute to scaling up habitat restoration.
Along coastlines, the extent of erosion and flooding globally could increase by up to 48% by 2,100 due to climate-induced changes in hazard drivers (e.g., sea level rise and increased storminess) (Kirezci et al., 2020). The integration of natural systems such as dunes, coastal vegetation and biogenic reefs can offer nature-based solutions to these hazards by maintaining buffers against coastal erosion, increasing wave attenuation and promoting shoreline stabilisation (Duarte et al., 2013; Narayan et al., 2016). However, conventional approaches to coastal risk management have biased protection measures towards the construction of coastal protection structures such as seawalls and revetments. These structures have quantified and accepted design standards that give engineers and coastal managers confidence in the risk reduction provided for the design life of the structure (Scheres and Schüttrumpf, 2020). Growing evidence, however, has documented the significant environmental impact these structures have through the replacement and fragmentation of natural shorelines, which reduces biodiversity and ecological function (Chapman, 2003; Mayer-Pinto et al., 2018), increases the prevalence of invasive species (Dafforn, 2017), alters the landscape-seascape connectivity (Bishop et al., 2017), and can even cause downdrift erosion (Tavares et al., 2020). Further, these structures also need additional capital and operational investment for their ongoing maintenance, upgrade, and eventual replacement, particularly when faced with a changing climate. Through using living ecosystems, nature-based coastal protection can provide a sustainable structure that self-repairs after storm events (Gittman et al., 2014), adapts with climate change within limits (Rodriguez et al., 2014) and supports co-benefits such as biodiversity (Isdell et al., 2021). Despite the potential benefits, nature-based coastal protection is a novel technique that faces various barriers to implementation (Morris et al., 2024).
Australia’s interest in nature-based coastal protection is increasing, with the number of implemented projects growing over the last 2 decades (Morris et al., 2024; www.livingshorelines.com.au). Some states (e.g., New South Wales and Victoria) have mandated a preference for restoring or enhancing natural protection including coastal dunes, vegetation and wetlands before considering other options to address coastal hazards (Morris et al., 2021). However, nature-based coastal protection is far from standard practice with a recent survey of coastal practitioners suggesting several key barriers: (1) few examples that could be used as precedent by coastal practitioners; (2) limited knowledge about the costs and benefits of living shorelines compared to conventional engineering structures; (3) lack of technical guidance and quantified performance standards; (4) complex jurisdictional management of the coast; (5) planning or regulation barriers; (6) limited community engagement and acceptance; and (7) few suppliers with expertise in the delivery of nature-based coastal protection/resilience projects (Morris et al., 2024). Similar barriers have also been identified by coastal practitioners in interviews and focus groups in the United States (DeLorme et al., 2022; Mednikova et al., 2023). In Australia, the implementation of coastal protection requires effective coordination and/or engagement among at least two levels of government, consultants or other experts, marine contractors, the community, and rights holders in a complex and not well documented process (Figure 1), the details of which vary between state and territory jurisdictions. The owners of the policy framework, funding and approvals (e.g., Government, land managers) may differ from the end users of the solutions (e.g., design experts and communities). Ultimately, it is the end users who are exposed to the outcomes of the decision-making process. Thus, there is a need to ensure the end users of coastal protection assets are involved in initial decision-making to avoid disempowerment, especially if the end use is impacted due to decisions outside their control, as has occurred with other environmental management decisions (e.g., Hunsberger et al., 2005; Reed, 2008). All rightsholders and stakeholders have an important role in the decision-making process. Therefore, a clearer understanding of the barriers faced by all involved is crucial to increasing support and use of nature based coastal protection.
[image: Flowchart illustrating the process of managing a problem. It involves state government, local land managers, experts, consultants, and the community. Steps include generating solutions, policy framework, funding, operational decisions, planning, approvals, implementation, ongoing maintenance, and risk management. Two loops, consultation and approval, are also depicted. The role of First Peoples is emphasized.]FIGURE 1 | An overview of the process and stakeholders involved in the decision to use nature-based coastal protection, using Australia as an example (adapted from Boxshall et al., 2023). In Australia, state governments have the decision-making power over the coastlines, their development and management. Local land managers are responsible for developing and implementing coastal management plans and land-use planning decisions, operating within the regulatory and policy frameworks established by the state or territory government, and therefore play a key role in the on-ground application of nature-based coastal protection. Coastal managers working within state or local governments will often engage expert advice from consultants and academics for coastal erosion management solutions. The local land manager and elected councillors need to engage with the community as the primary end users for a socially accepted solution. Traditional Owners are key rightsholders in Australia with landowner and land manager roles and are custodians of Sea Country.
Previous assessments in Australia to understand the support for nature-based methods, or the challenges to implementation, have focused on the perspective of the general public (Strain et al., 2022) as well as local and state government (BMT, 2021; Morris et al., 2024). A key stakeholder group that has yet to be assessed is engineering consultants whom are often employed by landowners or managers to develop mitigation options to coastal hazard risk. Integrating natural habitats into coastal protection has previously been identified as a challenge for engineering consultants (Scheres and Schüttrumpf, 2020). Through a workshop with federal, state and local government representatives (often the ‘client’) and consultants from national engineering consultancy firms, as well as one non-governmental organisation (often the ‘designers’), we aimed to gain a better understanding of the barriers faced by multiple stakeholders involved in the implementation of nature-based coastal protection. A second aim of the workshop was to identify tangible solutions to these barriers to increase or support implementation, help focus attention on areas for future research, and inform pathways forward for the governance of nature-based coastal protection.
2 METHODS
The 1.5-day workshop was held at The University of Melbourne, Australia on 20–21 June 2023 and was attended by 31 participants (Table 1). The workshop participants were selected based on their professional roles, which included coastal management and/or climate adaptation or implementing actions to mitigate the risk of coastal hazards. Our aim was to have half of the participants represent the different levels of government from across Australia, and the other half represent the engineering consulting firms that design and deliver coastal protection works across different jurisdictions. The participants were identified and invited through a collaborative process that involved the authors, engagement specialists and end-users, and was based on professional judgement using extensive networks (e.g., DeLorme et al., 2022).
TABLE 1 | Workshop participants by category.
[image: Table showing participant categories, numbers, and descriptions. Consultants: 15, from 10 national engineering firms. Federal Government: 4, from Department of Climate Change, Energy, the Environment and Water. State Government: 5, managing coastal protection in several regions. Local Government: 4, representing coastal councils. Non-Government Organisations: 2, The Nature Conservancy. Other: 1, National Environmental Science Program Marine and Coastal Hub.]2.1 Pre-workshop survey
Prior to the workshop, an online survey (via Qualtrics) was sent to the participants from the engineering consulting firms. This survey was based on a previous survey that had been completed predominantly by government representatives. The previous survey had been administered on two separate occasions (Figure 2), the first online as part of building the Living Shorelines Australia database (see Morris et al., 2024) and the second during a nature-based coastal protection workshop at the Australian Coastal Councils Association National Forum on Coastal Hazards (March 2023, Fremantle, Australia; see Supplementary Methods). The survey included five questions and was designed so that it should not take more than 5 minutes to complete. The survey included questions with multiple-choice, Likert scale, and open answers; the latter allowed participants to expand on their perspectives of the barriers to nature-based methods (Supplementary Table S2). The first two questions identified which state the respondent primarily worked in and whether they (or their team/organisation) had used nature-based methods to reduce the risk of hazards for coastline assets. The third question asked for the respondent’s agreement (strongly agree, agree, neither agree or disagree, disagree, strongly disagree) with a list of barriers identified in the previous surveys. The last two questions asked whether the respondent (or their team/organisation) faced any additional barriers when implementing nature-based methods, and if yes, to describe those barriers. The survey results were presented to all participants at the start of the workshop and were used to design the first workshop activity (described below).
[image: Horizontal bar chart showing barriers to risk reduction. Each bar represents responses from three different surveys. Frequent barriers include "Lack of necessary expertise," "Lack of proof examples," and "Insufficient planning guidelines." Bar lengths indicate the frequency of responses, ranging from zero to fifty.]FIGURE 2 | The frequency of responses identifying different barriers to nature-based coastal protection across three surveys: Survey 1 (Morris et al., 2024; N = 67); Survey 2 (National Forum on Coastal Hazards, Fremantle, March 2023; N = 41); Survey 3 (this study; N = 13). Note that “(M) Uncertainty in the level of risk reduction” is a missing data point in Survey 2.
2.2 Workshop
The workshop was divided into 5 sessions that used a diversity of methods and contexts to help identify barriers and solutions to the implementation of nature-based coastal protection. For the purpose of the workshop, nature-based coastal protection was defined according to the national guidelines (Morris et al., 2021) as the creation or restoration of coastal habitats for hazard risk reduction. This includes the rehabilitation of existing degraded habitats, restoration of those historically present, or the creation of new habitats in ecologically suitable areas. Typical habitats included in nature-based coastal protection are beaches and dunes, saltmarshes, mangroves, seagrasses and kelp forests, coral and shellfish reefs, alone or in combination. Nature-based methods can restore the habitat alone (“soft” approach), or in combination with hard structures that support habitat establishment (“hybrid” approach). The key aim of nature-based coastal protection is to restore the ecological processes and functions that underpin the delivery of the natural coastal protection service. The workshop involved both individual responses, which were collected using an online interactive presentation tool (Mentimeter) and small breakout groups (∼5 people), where pen-and-paper responses were used to collect data (Table 2). Breakout groups were composed of a mix of different stakeholders.
TABLE 2 | An overview of the workshop sessions, expected outcomes and activities.
[image: Table with three columns labeled Session, Expected outcomes, and Activities. Sessions include Introduction, Barriers and solutions, Scenario 1, Scenario 2, and General discussion. Outcomes involve defining nature-based coastal protection and identifying barriers. Activities include presentations, breakout groups, feedback sessions, and group discussions.]2.2.1 Session 1 – Barriers
In the first session, breakout groups were provided a sheet of paper pre-printed with a list of barriers that had been identified in previous surveys. The groups were asked to rank the importance of each barrier using a dot sticker traffic light priority system (red = a major barrier that needs to be addressed immediately; yellow = a major barrier that needs consideration for addressing soon; green = a minor barrier that needs a little work; and blue = this is not a priority right now). After the barriers were ranked, each group identified their top two priority barriers to be addressed. These top barriers were collated and synthesised (duplicates removed).
2.2.2 Session 2 – Solutions
One priority barrier was assigned to each breakout group. Each group was asked to identify a list of solutions that would overcome their assigned barrier. Using a World Café style research method (www.theworldcafe.com), groups then rotated around the tables, adding solutions to each barrier and ranking them. While each group reviewed the solutions, the participants were asked to each rank the solutions using the same dot sticker traffic light priority system. As this session was undertaken without a particular context (i.e., without reference to a specific scenario or case study), the outcome was a broad overview of prominent, ‘front of mind’ barriers and potential solutions for enabling nature-based coastal protection. The relevance and context-specific nature of these barriers and solutions were then explored using two hypothetical case studies in the following two sessions.
2.2.3 Sessions 3 and 4 – Contextualised barriers and solutions
In sessions 3 and 4, participants were asked to consider two case studies and to identify the barriers that may be presented throughout a typical coastal protection project design process: (1) functional design; (2) concept design; (3) preliminary design; (4) approvals; (5) detailed design; (6) tender phase; and (7) construction. The design process was described to the participants at the start of the activity, and any questions were clarified prior to commencement (see Supplementary Table S3 for description of design stages).
The first case study was a common coastal asset protection problem set on the urban fringe of a city that is located on an estuary or bay affected by wind-driven waves resulting in erosion (i.e., a low-energy environment). Participants were asked to consider a nature-based coastal protection solution specifically; the solution had to rely only on the nature-based solution and could not integrate conventional engineered structures (except to support the establishment of the habitat). In breakout groups, the participants worked through the design stages of the project to deliver a nature-based coastal protection solution in that scenario and to identify any barriers that would be encountered at each stage. Each barrier was documented on a separate yellow card, which was then posted under the design stage title to which it related on a central glass wall. At the conclusion of the activity, identified barriers that were substantively similar were grouped but remained under the relevant design stage. Finally, the breakout groups were assigned one design stage and asked to detail the solutions for each barrier. These solutions were documented on blue cards that were posted next to the relevant barrier.
The second case study focused on erosion problems along the urban fringe of an open, energetic coast. For this case study, a hybrid approach of a conventional engineered structure with a nature-based method was allowed due to the more energetic conditions present. For this case study, the participants were asked to evaluate whether the barriers from the first case study still existed in the second case study. If the barrier remained, no action was required; however, if the barrier was removed, participants were asked to provide justification for the removal of the barrier on a white card that was posted next to the barrier. New barriers that emerged and any additional solutions to previously posted barriers that were identified were documented and posted using the same approach as for Case Study 1 (and if not, why not) or if new barriers emerged. Solutions to the barriers were also defined, as before.
2.2.4 Session 5 – General discussion
In this final session, participants were placed in their stakeholder groups and asked to identify immediate and future actions that could be considered (and ideally actioned) by the group they represented to better enable nature-based coastal protection.
2.3 Data analysis
The data were qualitatively assessed using thematic and content analyses. A list of barriers were defined from the workshop (Table 1) and these were used as themes to group the barriers identified for the seven design stages in the case study activities. The solutions were also grouped into themes according to the most frequently cited barriers for each design stage. There was an overlap among the solutions identified in the first activity that mapped the broad barriers and solutions to nature-based coastal protection and the case study activities. Therefore, these solutions were combined into one narrative to identify the most prominent solutions proposed through the workshop. Similarly, the group responses were cross-checked with the individual responses acquired through the online activities to ensure no themes for the barriers or solutions were missed.
3 RESULTS AND DISCUSSION
3.1 Barriers to nature-based coastal protection
The top five barriers identified in the pre-workshop survey of the coastal engineering consultants, defined as the barriers where more than 50% of the respondents either agreed or strongly agreed that a barrier existed, were: (1) a lack of funding; (2) uncertainty in the level of risk reduction; (3) a lack of technical guidelines; (4) a lack of good examples being used; and 5) will not work quickly enough (Figure 2, 3A). These top barriers identified by the coastal engineering consultants were generally aligned with the previous surveys of (predominantly) state or local government representatives that we have undertaken in Australia (Figure 2; Morris et al., 2024). Other barriers that the consultants identified included a lack of examples/evidence of long-term performance, education, and awareness within key stakeholder groups such as government agencies and the community, uncertainty in ongoing maintenance costs, and the perceived risk of failure of nature-based coastal protection.
[image: Two horizontal bar charts labeled A and B depict survey responses. Chart A shows various barriers to adopting guidelines, with responses ranging from "strongly disagree" to "strongly agree" in a stacked format. Chart B ranks these barriers in order of priority, using colors to indicate the level of urgency, from "major barrier, immediate" to "not a priority." Both charts display percentages on the x-axis.]FIGURE 3 | Results of the pre-workshop survey (A) evaluating which barriers are most important and (B) ranking barriers in relation to priority for action. Note the list of barriers is not the same in (A) and (B), as the barriers for (B) were based on the results from (A).
There were similarities between the more commonly agreed barriers among participants from the survey (Figure 3A) and those that were ranked as a major barrier that needed immediate attention in the breakout groups (Figure 3B). Twelve of the fourteen barriers were considered major barriers by at least 50% of the participants (Figure 3B). A lack of funding, uncertainty in the level of risk reduction, lack of technical guidelines, and the perception of risk were ranked as the major barriers needing solutions to be immediately addressed. Planning or regulation barriers and lack of examples/evidence for long-term performance were also ranked as major barriers that needed to be addressed soon.
Although most survey respondents agreed with the barrier that nature-based coastal protection would not work quickly enough (Figure 3A), it was ranked as a minor barrier that needs a little work. One justification for this was that the urgency of coastal protection is context-specific and dependent on the project objectives and method used. Conversely, more survey participants disagreed that a lack of community support was a barrier to nature-based coastal protection (Figure 3A). However, it was ranked as a major barrier that needed addressing soon (Figure 3B). One reason for this is that while there may be general community support for nature-based coastal protection (e.g., Strain et al., 2022), local communities can have a “not in my backyard” perspective that can determine whether a project goes ahead or is successful. For example, mangrove restoration is often hampered by negative public perceptions that mangroves can restrict shoreline views and access and provide habitat for dangerous animals or insects that are vectors for disease (Dahdouh-Guebas et al., 2020).
There was more division on the ranking of governmental support as a barrier to nature-based coastal protection, with 60% ranking this as a minor barrier versus 40% ranking as a major barrier that needs immediate attention (Figure 3B). It was noted that the level of governmental support varies by state due to state-level coastal policy and management. For example, New South Wales and Victoria have specific coastal policies that support or prioritise (in the case of Victoria’s Marine and Coastal Policy, 2020 and the Coastal Management Act, 2016 in NSW) nature-based coastal protection as an adaptation option, whereas this is not the case for other states (Morris et al., 2021). Similarly, federal, state and local governments have different roles and responsibilities in coastal management (Figure 1) and therefore, by not defining the government level or state, this likely contributed to the more varied rankings. Indeed, this ranking activity led to a better definition of the barriers (Table 3), and a recognition that many of these barriers are interrelated. For example, the lack of examples (of nature-based coastal protection) being used is linked to a lack of evidence for long-term performance, which is also related to uncertainty in ongoing maintenance costs. Similarly, a lack of technical guidelines can be a reason for a lack of examples being used and clarity in the options available, as well as confidence in the expected performance of nature-based coastal protection. A lack of dissemination of shared learnings, uncertainty in ongoing ownership or tenure and liability and indemnity were other major barriers added by participants.
TABLE 3 | A list and description of the barriers to nature-based coastal protection.
[image: Table listing barriers and descriptions related to nature-based coastal protection. Barriers include lack of clarity, community support, data, education, funding, examples, governmental support, expertise, and technical guidelines. It also mentions risks like level of reduction, coastal hazard, reputational, and liability. Additionally, it covers uncertainties in maintenance, ownership, and quick implementation. Each barrier is paired with a detailed explanation.]3.2 Conceptualisation of barriers in a common coastal protection scenario
The prevalence of the nineteen identified barriers changed throughout the stages of a nature-based coastal protection project (Figure 4). A lack of technical guidance was most frequently cited as a barrier (Figure 4) and appeared in all seven design stages. The percentage of responses for barriers was similar among design stages, except for “detailed design” that had approximately half of the responses of the other design stages, and 60% of these were related to a lack of technical guidance (Figure 4). The following sections describe the nature of the barrier at different design stages.
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3.2.1 Lack of funding
Funding as a barrier to nature-based coastal protection was identified only once each in the functional and concept design stages. This contrasts the pre-workshop survey, where funding was identified as the greatest overarching barrier when not conceptualised in the case study (Figure 3A). The primary problem identified for funding was that the funding model typically used by most funders is a reactive model where the money is spent on pressing, high-risk issues rather than strategically planning for future problems. Such a funding model means there is a lack of investment for nature-based coastal protection, impeding growth in confidence for their use. This is despite some states (e.g., New South Wales and Victoria; Morris et al., 2021) having policies that preference the use of nature-based methods over conventional engineered structures. If and when such policies will translate into a greater allocation of coastal protection funding for nature-based solutions is, at present, unclear. Regardless of the policy context, there was broad recognition for the need for increased capital expenditure on nature-based coastal protection, as budgeting for pilot and full-scale assessments is integral to embedding them successfully into standard coastal management. Funding is therefore a barrier to implementing nature-based coastal protection in the first place. However, once there is an agreement in specific projects that a nature-based option needs to be considered or used, then this barrier decreases. Even with funding, it may be insufficient to cover the time required by consultants or contractors engaged on the project to investigate and design (from first principles) nature-based coastal protection options that they may be less familiar with, which links with some of the technical barriers and lack of expertise discussed below.
3.2.2 Lack of data on the costs and benefits
Often a business case needs to be put forward using a multi-criteria analysis or cost-benefit analysis to compare nature-based coastal protection with other options, such as conventional coastal protection structures (Gittman and Scyphers, 2017; Morris et al., 2021). This was identified as a barrier in the concept design and approvals stage. A lack of information on the capital and operating costs associated with nature-based coastal protection can affect decisions during the concept design stage. For instance, it was recognised that nature-based coastal protection is often preferred for its potential to provide several co-benefits such as carbon sequestration, bioremediation or biodiversity enhancement (Morris et al., 2021). However, there is a lack of data on the full suite of benefits provided by nature-based coastal protection that can be used in a cost-benefit analysis, including some co-benefits, such as non-market value benefits, and benefits that are difficult to cost (Rogers et al., 2019). This can also prevent a case being built for the full public benefit of a nature-based coastal protection at the approvals stage.
3.2.3 Perception of risk
The risk of a nature-based coastal protection project contains many elements, including: the coastal hazard risk, risk reduction provided by the nature-based method, liability and reputational risk and risk associated with marine spatial planning (e.g., health and safety, navigation) or any unintended consequences (e.g., introducing invasive species or diseases with revegetation or seeding of organisms). Although there are standard methods for assessing coastal hazard risk, for example, through local, regional or national coastal hazard assessments, this was identified as a barrier seven times in the functional and concept design stages (Figure 4A). This barrier included a lack of understanding about the relevant coastal processes and the cause of the problem, the assets, values and uses at risk, and the data to support this. This problem is not specific to nature-based coastal protection, as a lack of knowledge about the general coastal hazard risk can also be an issue for conventional engineering structures. However, part of this barrier is related to what additional data about the environment are needed to inform the successful use of a nature-based coastal protection in relation to the ecology of the habitat, including relevant climate change parameters to adopt in the design and the availability of this information to use in a multi-criteria analysis. At the concept design stage, whether a nature-based coastal protection can address the coastal hazard risk was cited as a barrier, which also relates to a lack of technical guidance. The main issue is the small evidence base (e.g., developed from case studies relevant to Australia) on the effectiveness of nature-based coastal protection over both short and longer time scales to inform a design basis (i.e., design life and efficacy), which also reduces confidence in spending money on what is often viewed as a “trial” (Morris et al., 2024). A lack of understanding about the effect of nature-based coastal protection also perpetuates into the approvals stage of a project where evidence on impacts to coastal processes is required.
A lack of an evidence base for nature-based coastal protection and technical guidelines increases liability and reputational risk and these barriers were present in each stage from approvals as well as concept design. At the approval stage, there was a lack of clarity in the pathway for nature-based coastal protection and who takes ongoing liability for the asset. For example, an NGO may be contracted by a local or state government to construct a shellfish reef, but it is not practical (or financially feasible) for that NGO to take liability for a structure they do not subsequently own or manage. A lack of confidence or track record may result in inadequate support or approval. Engineering consultants are required to have Professional Indemnity Insurance that under Common Law a consultant must show that they have acted as another engineer would have, showing due care, skill and diligence. When a client makes a breach of professional duty claim, the consultant supports their actions with sufficient evidence base. Such evidence base can include references to Australian (or International) standards, guidelines for coastal protection structures, site-specific studies, or other evidence showing how or why they have followed engineering guidance and where they have not for a particular reason. An engineering standard or guideline is not always a requirement when there is a better accessible evidence base to use. Engineering consultants often do not have time, resources or mandate to undertake extensive research, so they rely on the best available accessible science. Therefore, the science needs to be in a usable format for consultants, as without an evidence base a project may not be signed off at the detailed design stage due to liability risk. Failure of any project can be a reputational risk to the organisations involved, and this risk is often perceived to be greater with newer technology where there is a lack of examples or precedent. Significant liability risks are transferred to the contractors building the structure during the tender and construction stages. Due to the low number of nature-based coastal protection projects in Australia (Morris et al., 2024), local contractors may not have the experience, and there is uncertainty about the contract performance criteria during and after a build, and the potential warranty that can be offered on a nature-based structure.
3.2.4 Lack of technical guidelines
A lack of technical guidelines was listed 44 times and was present across all project stages, particularly during the design stages (concept design and detailed design) and during the tender process and construction stage. In the concept design stage, the main barrier was a lack of methods and validation data for modelling the effectiveness of nature-based coastal protection, either singly or as multiple habitats. It was also noted that there was a disconnect between the ecological and coastal engineering knowledge that has been previously acknowledged (Morris et al., 2019; Scheres and Schüttrumpf, 2020). In the preliminary design stage, the main barrier was the lack of design standards for nature-based coastal protection that include aspects such as the required width, density, and materials of the structure, as well as the habitat requirements of the species, such as water quality and sediment type and design events and design life. A lack of knowledge on the resilience of the ecological component until fully established was also listed as a barrier–this is related to ongoing maintenance if a nature-based structure is damaged during the establishment phase - as well as being able to identify the triggers for changing an adaptation pathway. Gaps in detailed design codes/guidance were similarly a barrier in the detailed design stage, as were the time and resources required to navigate the available science and to determine what constitutes “best science”. Further, there is a lack of knowledge on what performance indicators should be used for nature-based coastal protection and as well as for safe and efficient construction methods. In the tender phase, there were challenges mainly related to a lack of experience and precedence in setting tender criteria for nature-based coastal protection, including detailed technical specifications, bill of quantities, material sourcing and cost estimates, and monitoring and evaluation conditions. In the construction phase, the barriers were centred around two components. The first barrier relates to the complexity of using non-standard construction methods and a lack of guidance on who should build and how nature-based coastal protection should be built safely and efficiently. The second barrier is the lack of guidelines on monitoring and evaluating the performance of nature-based coastal protection, resulting in a lack of clarity on whether and when the structure is working or has still yet to be established. These barriers can make it difficult to determine a breach of construction contract for build quality.
3.2.5 Lack of good examples
A lack of good examples as a barrier was present in the functional and concept design stages, where in these initial stages of a project, practitioners are looking to large-scale exemplar projects that have worked locally (i.e., in the same region, state or nationally in Australia) or in similar environmental conditions. This barrier relates to the uncertainty in the level of risk reduction and lack of technical guidance for nature-based coastal protection, as data from local case studies can contribute to an evidence base that can increase the business case for them being used elsewhere. Further, local examples not only aid the case for technical effectiveness, but also the complexity of obtaining approvals. For example, due to the success of the first example of a hybrid shellfish reef breakwater for erosion control in the state of Victoria, Australia, a second hybrid shellfish reef was constructed along the same peninsula in response to another erosion issue (Roob et al., 2022). Similarly, in the United States, private shoreline homeowners neighboured by seawalls were more likely to choose a seawall for their property than a nature-based method (Scyphers et al., 2015).
3.2.6 Lack of necessary expertise
In the initial stages of a project (functional and concept design), having the right interdisciplinary expertise in the team was identified as an important step. The absence of expertise to design a nature-based coastal protection was first identified in the preliminary design stage but was more prevalent in the tender phase, where it was listed as a barrier 15 times. The lack of expertise spanned multiple stakeholders within the project, including the project officer/manager responsible for the tender, the consultants who designed the nature-based structure, and the contractors who built it. A lack of experience among project officers in setting tender criteria, identifying the appropriate contractors and setting appropriate contracts/negotiations with the preferred contractor was identified. The availability of consultants and contractors tendering was also identified as a barrier due to a lack of skillset and willingness to tender because of a low market demand for nature-based coastal protection and the concurrent high market demand for more conventional coastal protection infrastructure, which does not incentivise upskilling workers to provide the necessary expertise.
3.2.7 Lack of governmental support
A lack of governmental support was only identified once in the case study scenario in the tender phase due to the lengthy procurement processes in place. However, a lack of a proactive approach from government in providing leadership on some of the other barriers (e.g., guidelines, example projects, planning and regulation) was considered a major impediment to upscaling nature-based coastal protection and, therefore, like funding, may be considered an overarching barrier.
3.2.8 Lack of community support
A lack of community support was predominantly highlighted as an important barrier in the initial design stages. However, this barrier emerged again in the final stage of construction. Community support is an important aspect of any coastal protection project and can be controversial among different stakeholder groups (e.g., beachfront homeowners versus beach users). A nature-based coastal protection may have different space requirements (i.e., increased development setback needs), a different aesthetic, and possibly different function to a conventional coastal protection structure. Therefore, a potential barrier includes not fully understanding community expectations, uses and values and the community’s ability to understand coastal hazard risk, consequences and cost or the desire to embrace change. Balancing community co-design with engineering design and how and when to engage with the community were also identified as potential barriers in the concept design stage where there is a risk to project success of not getting sufficient community buy-in versus the time cost of extensive engagement. Another important Rightsholder group is Traditional Owners, and a lack of understanding of Traditional Owner cultural values and connection to Sea Country was identified as a barrier. In the construction phase, “bad press” that may impact community support was identified and may particularly apply to nature-based coastal protection that takes time to develop and grow and may appear unfinished or not working in the early stages. For example, mangroves growing behind constructed rock fillet structures can take 10–15 years to resemble a natural mangrove fringe (Morris et al., 2023). In some cases, a lack of community support has also led to vandalism of projects, such as the removal of mangrove plantings due to local community opposition (McManus, 2006).
3.2.9 Lack of education or awareness
A lack of education or awareness can be broadly linked to a lack of stakeholder support and expertise and was identified as a barrier in the initial stages of a project when conceptualising the values of nature-based coastal protection (e.g., should it achieve ecological goals, engineering goals or both). This barrier relates to a lack of a common definition or understanding of nature-based coastal protection. For example, having a clear position (e.g., a policy position) on what a “hybrid” solution means or the distinction between a novel habitat and a restored habitat can help avoid unintended consequences such as greenwashing.
3.2.10 Planning or regulation barriers
Planning and regulation barriers were initially identified in the preliminary design stage but occurred predominantly during the approval process, where time, cost and capacity barriers to obtaining approvals were identified. The approval process for nature-based coastal protection is unclear due to the lack of clarity on the regulation of intertidal and subtidal areas, which varies across jurisdictions, and can involve multiple approval processes with multiple agencies that differ across the states. The interaction of the approval process for nature-based coastal protection with other environmental legislation was also unclear, and it was noted that there is no fast-tracked approval pathway, even in states where nature-based methods are preferred in the policy. Thus, it is not enough for a government to prefer nature-based coastal protection in policy, they also need to lead a first step change in policy to practice (e.g., through the planning system or regulations like consents). There is a barrier in the capability of teams within state government to understand and adopt the policy, which then blocks the land managers and designers of the solutions in implementation of nature-based coastal protection.
3.2.11 Long-term performance
A lack of understanding about the long-term performance of nature-based coastal protection was identified in the initial design stages and was specifically related to the climate sensitivity of the ecological component in terms of the ability for adaptation and options for retreat under future conditions. Nature-based coastal protection is often cited as having the ability to adapt to climate change, however, this will depend on their design and environmental conditions (Mitchell and Bilkovic, 2019).
3.2.12 Uncertainty in ongoing maintenance and monitoring costs
The barrier of ongoing maintenance was identified in the concept design stage but became more prevalent in the detailed design and construction phases. At all phases, the concern was similar and related to who was responsible for conducting and resourcing ongoing maintenance associated with nature-based coastal protection. A lack of guidance about the maintenance required and the associated costs also contributed to the uncertainty. This uncertainty, as well as some funding schemes preferencing new “shovel-ready” activities (i.e., excluding maintenance), can make the case for funding project maintenance harder than funding a new project and can become a disincentive if maintenance costs are likely to be high.
3.2.13 Uncertainty in ongoing ownership/tenure
The agreement of long-term ownership was first identified as a barrier in the functional design stage but was noted a further three times in the approvals stage, where the ownership and ongoing management need to be defined. If the relevant parties cannot agree on long-term liability, a project cannot proceed. There was also a question around whether nature-based coastal protection is an asset, for example, is there a point in time where a nature-based method is considered a natural system rather than a coastal protection asset or will there always need to be some ownership ensuring it is still meeting its objectives like a conventional coastal protection structure.
3.2.14 Logistic barriers
An additional barrier was identified in the construction phase of a nature-based coastal protection project related to logistics that may not be a consideration in conventional engineered coastal protection projects. These included factors such as construction needing to be timed around seasonal availability of plants or recruitment of organisms or favourable weather conditions, the operation of construction equipment in ecologically sensitive areas, and access to the site for ongoing monitoring. It was also noted that the added complexity of nature-based coastal protection may reduce superintendency resources and staff availabilities.
3.3 Solutions for enabling nature-based coastal protection
The solutions identified predominantly fell into two categories: tangible actions and longer-term solutions or aspirations with linked actions (Figure 5). Solving the barriers of a lack of funding and government support was considered overarching to the entire framework of implementing nature-based coastal protection. Other solutions identified were linked to specific tasks during the design process that collectively would allow progression through this current process (Figure 5). The following sections describe the details of the solutions identified.
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3.3.1 Government support
A nationally aligned approach to coastal management (i.e., across federal, state and local government) was identified as a top priority for advancing nature-based coastal protection. A key step in this process was establishing a national network/organisation/guidance body on nature-based coastal protection that could drive a national framework and coordination. This national coordinating body would centralise technical guidance, facilitate knowledge sharing through a national project database, and support a proactive funding model to advance the implementation of nature-based coastal protection. The national project database could leverage from the existing Living Shorelines Australia database that provides an online portal of information on current projects (Morris et al., 2024). In the United States, two national organisations that support the application of living shorelines are the U.S. Army Corps of Engineers and the National Oceanic and Atmospheric Administration (NOAA). These organisations have provided guidelines for the use of nature-based coastal protection (Bridges et al., 2015), streamlined national permitting processes (Nationwide Permit 54 – Living Shorelines) and funded living shorelines projects that are then made publicly available in an online database (https://storymaps.arcgis.com/stories/edc3cc67b37f43a5a815202f81768911). Further, high-level government support was provided by the Biden-Harris Administration in the US through the release of a Roadmap for Nature-Based Solutions to Fight Climate Change, Strengthen Communities, and Support Local Economies (The White House, 2022).
Other tools that were identified for inclusion in the guidance provided by a national body were state and national overlays of nature-based coastal protection suitability that could inform alignment with climate risk, political and other priorities, scale of funding required, and aid in community socialisation. A living shoreline suitability map has been developed for the state of Victoria, Australia (Young et al., 2023) that could be used as a starting point for other regions or states. This map was based on previous suitability modelling that has been used in several US Atlantic and Gulf coast states to encourage greater use of nature-based methods (e.g., Berman and Rudnicky, 2008; Nunez et al., 2022).
3.3.2 Funding
A proactive rather than reactive funding model was the key solution for overcoming funding availability for nature-based coastal protection. One of the main aspects of a proactive funding model was the inclusion of more diverse funding models through both public and private investment. Currently, most nature-based coastal protection projects are funded through capital expenditure for coastal protection works (Morris et al., 2024). There is, however, the recognition that nature-based coastal protection can provide other ecosystem functions and services that may align with different funding mechanisms. An evaluation of the alignment of nature-based coastal protection with other current and proposed funding mechanisms could be a first step in this process, for example, from carbon credits for projects that are eligible through the Emission Reduction Fund (Lovelock et al., 2023) or biodiversity credits via the Nature Repair Market (Parliament of Australia, 2023). There is increasing support at the federal level for enhancing risk and resilience to climate hazards, which may support States with proactive nature-based approaches to coastal hazard risk mitigation (e.g., through the National Emergency Management Agency, Disaster Ready Fund Act 2023). The development of a specific market-based instrument to incentivise uptake (e.g., coastal resilience credits) could be a longer-term solution. It was noted, however, that in states where most of the foreshore is publicly owned (e.g., 96% is state government managed in Victoria), market-based instruments may not incentivise nature-based coastal protection as the money from the credits earned does not go back to the land manager. Consequently, it will be important to identify where market-based instruments may disincentivise nature-based coastal protection.
Another identified priority within a proactive funding model was the allocation of national-level funding to implement a few iconic/large-scale nature-based coastal protection projects that will help to increase the uptake and act as an “enabler” for more funding and projects, as well as add data on effectiveness and co-benefits. An exemplar for this is the 2021–2025 Australian Government’s Blue Carbon Conservation, Restoration and Accounting Program that is funding restoration activities and environmental-economic accounting for five national demonstration project sites to help scale up investment in coastal blue carbon ecosystems (Saunders et al., 2022). This program is also developing a guide for measuring and accounting for the benefits of restoring coastal blue carbon ecosystems and establishing a blue carbon restoration and accounting community of practice. The blue carbon program could be used as a blueprint for establishing a nature-based coastal protection program with the same aim of upscaling investment in more sustainable coastal adaptation solutions. Better guidance on the capital and operating expenditure required for nature-based coastal protection was also identified as a priority, as well as the integration of this into benefit-cost models for both primary (i.e., habitat restoration and coastal protection) and secondary benefits (i.e., other services) to contribute to the business case that attracts diverse investment.
3.3.3 Education and awareness
Better clarity on what is accepted as a nature-based coastal protection and what is not was identified as a priority. Previous research has shown that terminology for nature-based coastal protection differs across the world (Smith et al., 2020). Further, given the different ecology, environmental and socio-political landscapes among various countries, and even within a country, there will be diverse approaches to nature-based coastal protection. Thus, national guidance on a common definition for nature-based coastal protection and examples of these in an Australian context would provide a clearer pathway for the technical guidelines that need to be developed for these methods. This was particularly highlighted in the open coast case study (discussed further in Section 3.4).
3.3.4 Community support
There was a need identified for greater community engagement around coastal hazard risk and potential solutions, of which one could be nature-based coastal protection, as well as project-based engagement with specific communities where nature-based methods were being implemented. It was acknowledged that many of the barriers to stakeholder support could be mitigated by early engagement in the project planning process and through the provision of tailored education for the general community relevant to their perceptions, concerns, and values. To provide informed education materials, it will be important to understand the community perception (both private shoreline homeowners as well as the general users of public space) of coastal hazards and nature-based coastal protection (e.g., Strain et al., 2022; Guthrie et al., 2023). Key aspects of a community engagement plan could include opportunities for community reference groups to discuss nature-based coastal protection and engage in participatory planning, a process for reporting back to the community in local projects and ongoing maintenance and monitoring by citizen scientists. There is also a need to partner with Traditional Owner communities to better understand the opportunities for nature based coastal protection to support the protection of cultural values and assertions for Sea Country.
3.3.5 Technical guidance
The main steps to developing technical guidance were identified as: 1) Identify what types of nature-based coastal protection should be included in a design code; 2) Meta-analysis/review of existing projects and information available; 3) Conduct a gap analysis to identify where information is unavailable; 4) Conduct research to fill the knowledge gaps; and 5) Write standards. The technical guidance required differed throughout the design stages, and thus the guidelines developed needed to cover aspects such as: what the problem is (driver/hazard); type of nature-based coastal protection and guidance for implementation (including evidence-based formulas); material specifications; suitability of scale; climate change impacts; the tender process; and monitoring required including definitions on what success is in terms of ecology and engineering. While there have been efforts to write guidance documents for nature-based coastal protection (Morris et al., 2021; Bridges et al., 2022), detailed design specifications that engineers can apply are still missing.
It was highlighted that developing technical guidance would provide an evidence base that would reduce the risk of using nature-based coastal protection from both a hazard risk reduction and liability perspective. However, it was also recognised that to progress the knowledge and implementation of nature-based coastal protection while technical guidance is under development, an adaptation pathways approach can be utilised, where projects are allowed to fail and have a “stop/go” to go back to functional design if needed or upscale if successful. Careful communication of the risk of failure and thresholds for decisions to stakeholders and the community is required, as well as a greater acceptance of this risk by stakeholders.
3.3.6 Policy and regulation
Clarity in the approvals process for nature-based coastal protection was identified as a priority for overcoming barriers to permitting. A first step in this process was identified as an evaluation of the current approvals process in each state. A long-term solution was the development of a fast-tracked or streamlined nature-based coastal protection approvals process that is appropriate for this activity rather than other types of development. With a three-tier government structure in Australia, the approval process can be complex, requiring permits from multiple agencies (Shumway et al., 2021). This governance structure is similar to the United States, but there is a federal nationwide permit (Nationwide Permit 54) has been developed specifically for living shorelines. This federal process is combined with a state permitting process, in which some states have also developed streamlined permitting processes to incentivise waterfront property owners to use a living shoreline over conventional hard structures (e.g., Virginia and Florida; Virginia Marine Resources Commission, 2015; Barry et al., 2019). Another long-term solution was the support of fast-tracked approvals through State government policy and a high-level strategy that supports a preference for nature-based coastal protection and, therefore, facilitates approvals. While some states currently have strategies that support nature-based coastal protection, these policies are relatively new and the approach to facilitating nature-based protection projects through the approvals processes is still developing. Regulations and consents need to be adapted to new policies to remove barriers to nature-based coastal protection.
3.3.7 Ownership
Asset ownership and ongoing liability was identified as a key piece of guidance that needs to be provided for nature-based coastal protection. This will need to involve a strong consultation process with landowners and managers, core approval agencies and the stakeholders involved in implementing nature-based coastal protection (e.g., consultants, contractors, academics, NGOs).
3.3.8 Necessary expertise
The problem of expertise was relevant to both a desire to tender for nature-based coastal protection projects and having the skills required to deliver these projects for consultants and contractors. A key step identified in overcoming these barriers was a market survey of marine contractors, to determine the extent of the problem by assessing appetite and capacity to deliver nature-based coastal protection projects. A longer-term solution was to identify a government-led pipeline of nature-based coastal protection projects, highlighting the number of projects and funding committed to developing confidence in the market. Alongside this is the development of training courses to upskill consultants and contractors, potentially including a government-funded certification process as nature-based coastal protection providers and monitoring. Given nature-based coastal protection often requires a multi-disciplinary team, a framework to enable networking of up-skilled consultants would also allow for such teams to be more readily formed under the frequently short timeframes of tender submissions.
3.4 Conceptualisation of solutions in a hybrid open coast scenario
The conceptualisation of the barriers and solutions in a hybrid open coast scenario reinforced the importance of collating information that demonstrates the use of nature-based coastal protection in a variety of environmental situations. The biggest challenge in using nature-based coastal protection on the open coast was an industry definition and recognition of what constitutes a “hybrid nature-based coastal protection” option in the spectrum of green-grey solutions. This definition became much more important when combining conventional coastal protection structures with a nature-based component to avoid “greenwashing” where the solution is essentially a protect/engineering solution with some ecology added (i.e., more akin to hard ecological engineering techniques that aim to ecologically enhance conventional engineered structures; Firth et al., 2020). There are existing guidelines that articulate what is meant by nature-based coastal protection (e.g., Bilkovic et al., 2017; Morris et al., 2021), however an additional guideline/manual could further explore the delineation of soft (i.e., fully nature-based) and hybrid nature-based coastal protection and the design principles that should be used in each case as a solution to this barrier. For example, approaches that are already relatively commonly applied to the open coast include an offshore breakwater, artificial reef or onshore seawall combined with beach nourishment, or a seawall buried in a dune. If these approaches are considered hybrid nature-based coastal protection, then many of the barriers related to the risk of uncertainty in the level of hazard reduction and liability and lack of technical guidance are reduced or removed in the design process (Figure 6). This is because there is a greater precedence for their use, and guidelines and standards are already available for designing, constructing, and maintaining conventional engineering structures and beach nourishment. However, the meaningful integration of ecology into these solutions and the interaction between the engineered and nature-based components were still identified as research gaps that need technical guidance. If commonly used options are not considered nature-based coastal protection, then more innovation may be needed for open coast options, and this re-introduces similar barriers to the initial scenario.
[image: Diagram showing soft to hybrid coastal protection methods: mangrove planting, mangroves with planters, shellfish reefs, mangroves with rock, dune with geotextile, offshore reef and dune management, and seawall with nourishment. A table lists primary barriers like government support, funding, technical guidance, necessary expertise, risk assessment, community support, planning, ownership, and education, ranked by priority: high, mid, low.]FIGURE 6 | The change in the importance of primary barriers to nature-based coastal protection based on the method used along a continuum of soft to hybrid. Note the coastal protection measures given are examples only, the continuum and type of nature-based coastal protection will vary depending on the site-specific context (e.g., sheltered versus open coast).
4 CONCLUSION
While nature-based methods are frequently cited as a more sustainable alternative to conventional coastal protection structures (e.g., Ferrario et al., 2014), there is little research examining the barriers and, importantly, the solutions to upscaling this approach (except see Molino et al., 2020; DeLorme et al., 2022; Mednikova et al., 2023). While this study focused on the Australian viewpoint and from an engineering perspective, many of the general barriers and solutions to nature-based coastal protection identified align with the perceptions of coastal professionals and decision-makers in the United States, where research has also been done on this topic (Molino et al., 2020; DeLorme et al., 2022; Mednikova et al., 2023). The barriers identified spanned scientific, socio-political and economic domains, and thus the variety of solutions proposed will need to be led by different stakeholders involved in the decision to use nature-based coastal protection. By conceptualising the barriers and solutions using hypothetical case studies of nature-based methods, we identified both immediate actions and long-term solutions for enabling nature-based coastal protection. While many of these solutions will need to be actioned at the national level, as localisation of information is important in supporting the use of nature-based methods (DeLorme et al., 2022), it would be useful to have a global definition and recognition of what constitutes a nature-based coastal protection option that can be consistently used.
Technical guidance was a key scientific need identified throughout the design process, however, designers (e.g., consultants) and decision-makers (e.g., government) need to apply this guidance as it becomes available and to support data collection. If created, technical guidance needs to be properly implemented, such that designers (e.g., engineers) are made aware of its existence, can easily access it, and can be educated to effectively use it. Increasing the availability of technical guidance will reduce the risk associated with delivering a nature-based coastal protection project, but there was also emphasis placed on the need for stakeholders to become more accepting of risk to progress the development of a knowledge base. While there is support for nature-based coastal protection, there is a need for all project stakeholders to develop models of risk distribution. Furthermore, there is a need for greater acceptance of sub-optimal performance until the establishment of a sufficiently large-scale evidence base that can be used to inform and refine new as well as existing methods. Although many coastal management decisions are made at a local or state level in Australia, there is a desire for centralised information at a national level. This aligns with the needs articulated by coastal practitioners in the United States (DeLorme et al., 2022). A nationally coordinated organisation for nature-based coastal protection can give greater confidence at a state and local level that there is a consistent method for implementing this approach. When nature-based solutions are applied at a large scale and for a wide range of conditions, it will be possible to gather the evidence, expertise, experience and methodologies necessary to establish nature-based coastal protection at a level consistent with conventional coastal engineering approaches.
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Marsh terraces, constructed as a restoration and protection strategy, consist of a series of earthen berms in open water areas of the coastal wetland landscape and are being implemented across the Louisiana coast. To assess the efficacy of the marsh terraces as a nature-based solution, a small-scale, high-resolution hydrodynamic model was developed based on field sampling of vegetation and physical parameters (water level, waves, sediment, turbidity, and terrace elevation). This study tested common marsh terrace designs (e.g., chevron, linear, box, T-shape, etc.), ultimately selecting a preferred design based on the evaluation of factors such as vegetation, water depth, and sediment type on terrace stability and sediment retention under calm and storm conditions. The model results revealed that the 100 m box and the chevron designs exhibited greatest terrace stability and sediment trapping, particularly when installed perpendicular to prevailing wind and waves. The preferred terrace design was the box design due to its higher modeled resilience to wind and waves from multiple directions. Vegetation presence enhanced terrace resistance to erosion, with variations depending on vegetation type. Higher vegetation biomass, especially during the summer, contributed to the greatest stability of terraces. Greater water depth between terraces led to increased sediment retention, and terraces predominantly composed of organic-rich mud demonstrated greater stability than those with higher proportions of sand. Overall, vegetation had the greatest impact on sediment retention in the terrace field compared to water depth and sediment type. However, the potential habitat for submerged aquatic vegetation (SAV) was more influenced by water depth (i.e., 0.1 m < depth <1 m) than shear stress (<0.5 Pa). Even under storm conditions, shear stress rarely determined potential habitat for SAV, as shear stress remained relatively low within the terrace field. Potential SAV habitat was most abundant in shallow areas and increased where sediment stability was lowest (i.e., no vegetation and sand), primarily due to eroded sediment increasing the shallow area. While this model was developed using field data specific to Louisiana marshes, it can be adapted as a tool for terrace restoration project design and planning in most coastal wetlands.
Keywords: terrace, restoration, modeling, vegetation, SAV

1 INTRODUCTION
Louisiana is leading efforts in addressing both the challenges of wetland loss (Couvillion et al., 2011; CPRA, 2017) and the implementation of coastal restoration and protection projects (Coastal Protection and Restoration Authority [CPRA] 2017). These projects provide insights and knowledge useful across the country and the world as coastal communities adapt to coastal change (IPCC, 2014). Louisiana has lost more than 480,000 ha of emergent marsh since 1932 (Couvillion et al., 2011) and could lose an additional 0.3–1 million ha over the next 50 years if no restoration action is taken (CPRA, 2017). CPRA is developing and implementing coastal restoration and protection through the implementation of the Louisiana Coastal Master Plan. It is estimated that with the projects included in the 2017 Coastal Master Plan 0.2 million hectares will be built or maintained over 50 years (CPRA, 2017).
The state of Louisiana has a wide variety of restoration actions, both planned and implemented, including sediment diversions, marsh creation with dredge material, vegetation planting, and building marsh terraces. This work focused on terraces, which are segmented earthen berms constructed in open water areas of coastal wetlands used for coastal restoration and protection. Terrace construction dredges sediment from the area immediately surrounding the intended location of the terrace, creating a trench surrounding newly created land. To avoid excessively deep trenches with steep sloping terraces, they are typically constructed in shallow water (<1 m). This is accomplished by either selecting a shallow area or by moving dredge material into the area first to reduce the water depth. Terraces are usually built to an elevation similar to the surrounding marsh to best integrate with natural processes and ecosystem functions (Brasher, 2016; Hymel and Breaux, 2012). Sediment in Louisiana marshes varies depending on factors such as how the wetland was created (natural vs. engineered) as well as its location (river deposits vs. isolated marsh). The longevity of the created earthen berms can be impacted by sediment types and the locations from which the external sediments are supplied (Osorio et al., 2020; Elsey-Quirk et al., 2019).
Terraces aid in slowing marsh erosion by reducing fetch and wave height, and in turn reduce the erosive effects of waves on adjacent land (Brasher, 2016; Castellanos and Aucoin, 2004; Steyer, 1993). In Louisiana, terraces are usually constructed in locations where marsh has converted to open water (Brasher, 2016), but can also be constructed in outflows from river diversions or created channels to trap sediment and more rapidly build land. Terraces increase marsh edge which creates habitat for a variety of fauna (e.g., birds, fish, etc.; Rozas and Minello, 2001; Rozas and Minello, 2007; O’Connell and Andrew Nyman, 2009). Terrace field designs also vary, but the influence of project design on physical and ecological benefits has received minimal attention (Osorio et al., 2020).
Emergent and submerged vegetation on and around the terraces can play a critical role in the primary and secondary benefits of the terrace, including impacting the terrace stability (Nepf and Ghisalberti, 2008; Kim et al., 2024; Xu et al., 2022; Vargas-Luna et al., 2015; Mudd et al., 2010). Both planted vegetation and other vegetation that recruits independently can have potential benefits to the restoration. Submerged aquatic vegetation (SAV) provides important faunal habitat in Louisiana marshes, but correlation between terrace construction and SAV varies greatly in the literature. Caldwell (2003) found that SAV was more common in natural marshes compared to terraces. Other research has found that SAV biomass and the frequency of its occurrence was similar between terraced marsh and natural marsh (Rozas and Minello, 2001; Castellanos and Aucoin, 2004; O’Connell and Andrew Nyman, 2009). Additionally, some researchers have observed an increase in SAV due to the presence of terrace projects (Cannaday, 2006; Thibodeaux and Guidry, 2009).
This work developed a numerical model of hydrodynamics and sediment transport to understand the impacts of physical processes such as storms on the efficacy and benefits of marsh terrace restoration. The first aim was to use the model to compare common terrace designs under different environmental conditions and identify the design with greatest potential for terrace stability and sediment trapping. The second aim was to use the preferred design to test the role of vegetation, water depth, and sediment type on terrace stability and sediment retention under storm conditions. The third aim was to estimate SAV potential habitat based on simulated water depth and shear stress at the sediment surface under storm conditions.
2 MATERIALS AND METHODS
2.1 Study sites
The first location studied was Bayou Monnaie, Galliano, Louisiana (see Figure 1A), where two terrace fields were examined (i.e., Phase I and Phase II). Construction of terraces at the Phase I site was completed in May 2017, while Phase II was completed in July 2018 (Ducks Unlimited, Personal Communication, 2018). The Phase I terraces at Bayou Monnaie consisted of box and non-uniform configurations (old terraces in Figure 1A). Terrace construction at the Phase II site included a combination of different designs (i.e., chevron, linear, and T-Shape; new terraces in Figure 1A), allowing for visualization and sampling of alternative designs. The second location included in this study was Bay Alexis, located on the Mississippi River Delta to the northeast of Venice, Louisiana (see Figure 1B), where 157 terraces were constructed in 2005 and destroyed shortly after construction by Hurricane Katrina. The terraces were re-built in 2016 to the east of the original location as proposed in Renne et al. (2011) to ensure there was adequate sediment for construction. Both terrace fields at Bay Alexis were built in the box configuration (Figure 1B). All terraces were planted with Spartina alterniflora (Brasher, 2016; Renne et al., 2011).
[image: Two maps showing the construction process of terraces in southeastern Louisiana. Map (a) displays new and old terraces, vegetation, sediment cores, water sampling sites, and bathymetry along a waterway. Map (b) highlights the location of new terraces with similar features in a broader area. Both maps include legends and scale bars for reference.]FIGURE 1 | Study site. (A) Bayou Monnaie terraces, Phase I constructed in 2017 (old), Phase II constructed in 2018 (new). (B) Bay Alexis terraces, old constructed in 2005, new constructed in 2016.
2.2 Field data collection
For this study, field measurements were conducted for various abiotic and biotic parameters at the two terrace fields. Terrace dimensions including overall height, slope, and the subaerial to subaqueous transition was measured at both locations (see Figure 1) to characterize the physical features of the terraces. At the Bayou Monnaie study area, single beam bathymetry data were collected throughout the established and newly constructed terrace fields (Figure 1A). Several bathymetry transects were collected in each terrace type as well as in the larger open water lake. Depth in the Bay Alexis study area was less than 1 m, which was too shallow for a single beam survey. Bathymetry points in Bay Alexis were collected as single point measurements distributed across the bay using a survey pole mounted GPS (Figure 1B). At select terraces, cross section depth transects were taken across the inside of the terrace field (Figure 1B).
Hydrodynamic data such as water depth (= water surface elevation + mean water depth), current, wave height, and turbidity were also measured. This data was collected at three stations using a multiparameter water quality sonde (RBR Duo [hourly sampling] or YSI EXO2 [12-minute sample interval]) at each of the study locations. At one station in each study area, water current magnitude and direction was also measured using a Sontek ADV or Nortek Vector. To understand the sediment composition, sediment cores were sampled from terrace fields and analyzed in the lab for grain size distribution using a laser particle size analyzer and for organic content using loss on ignition. Detailed information on sediment analysis can be found in Supplementary Material.
The marsh vegetation field data collection at both locations (Figure 1) was conducted during winter or early spring (minimum vegetation biomass) and again in the middle of summer at peak growing season (maximum vegetation biomass). The vegetation parameters measured per plot were average plant height and vertically averaged vegetation diameter and density. The vertically averaged vegetation diameter was estimated by measuring the diameter of individual vegetation stems for different height categories (0–20 cm, 20–50 cm, 50–100 cm, 100–150 cm, 150–200 cm, and 200+ cm).
2.3 Model setup
2.3.1 Model and domain
To assess the impact of wave attenuation and sediment transport in the terrace sites, Delft3D (Version 4.02.03) was used with the incorporation of hydrodynamic (D-Flow), sediment transport and morphology (D-Morph), and wave (D-Waves) models. The numerical model is capable of predicting specific hydrodynamic and morphodynamic processes including water depth, currents, bottom shear stress induced by waves and current interaction, and erosion/deposition of sediment (Deltares 2014; Deltares, 2013). In particular, the model can simulate the effect of vegetation on attenuating current and waves by considering various vegetation characteristics (e.g., stem height and density). To account for vegetation effects, the trachytope approach formulated by Baptist et al. (2007) was used in D-Flow and D-Morph. In D-Waves, which is based on the spectral wave model SWAN (Simulating Waves Nearshore), mean values of vegetation characteristics were applied following the method of Mendez and Losada (2004). This approach was necessary because SWAN only allows the simulation of one type of vegetation and in this work online coupling was used between SWAN and D-Flow.
For this study, a hypothetical idealized model domain with high spatial resolution was designed based on field measurements (Figure 2A). Smaller grid cells were used near the terraces (5 × 5 m) with lower resolution toward the model boundary (40 × 40 m grid cells). The water depth at the open boundary was 3 m and water depth gradually decreased to 1 m at the exposed side of the terrace. The height and water depth inside the terrace fields were designed based on field measurements (Figure 2C). The model terrace heights were +0.5 m from NAVD88. Bottom elevation inside the terraces was defined as −1.0 m for the deep water area (representing the Bayou Monnaie area) and −0.5 m for the shallow water area (representing Bay Alexis). Although the modeled terraces were based on field measurements, for interpretation and broader application, terrace designs are referred to simply as deep and shallow rather than by the geographic location they were based upon.
[image: Three panels depict oceanographic data. Panel (a) shows a grid with deep water areas marked in dark blue. Panel (b) illustrates a rectangular pattern with alternating colors indicating varying bottom elevation. Panel (c) is a line graph showing elevation changes from deep to shallow water over distance, with distinct peaks and troughs. Color gradient indicates elevation in meters.]FIGURE 2 | Computational model domain and example of terrace site: (A) model domain and grid, (B) top view of the box type terrace field and sections (red boxes) for net sedimentation calculations, (C) cross-section view showing bottom elevation variances between deep and shallow water areas. OB in (A) indicates the open boundary where tide and wave boundary conditions were defined.
2.3.2 Terrace types
To compare terrace design in terms of stability and sediment capture, five terrace designs commonly used in coastal Louisiana were tested. The five designs were chevrons with 100 m spacing (Chevron 100 m), chevrons with 200 m spacing (Chevron 200 m), linear, box, and T-shape (Figure 3). The lengths of the terraces and the spacing between them were determined from field measurements and geospatial satellite image measurements of known terrace fields.
[image: Five different defensive formations are illustrated: a) Chevron 100 meters, b) Chevron 200 meters, c) Liner, d) Box, and e) T-Shape. Each uses distinct symbol arrangements to represent tactical layouts.]FIGURE 3 | The five different arrangements used to assess terrace stability and capacity for sediment capture. Chevron 100 m refers to a chevron shaped terrace field with 100 m spacing. Chevron 200 m refers to a chevron shaped terrace field with 200 m spacing. Linear represents a linear shaped terrace field. Box refers to a square shaped terrace field. T-shape indicates a T-shaped terrace field.
The dimensions of the different terrace structures were obtained from the reference sites (Figure 1) except for the linear design where dimensions were taken from the Morganza Mitigation Terraces in Point Aux Chenes (U.S. Army Corps of Engineers, 2013), coastal Louisiana. Both Chevron 100 m and 200 m had a length of approximately 100 m, with only the spacing between them differing. For the linear type, the terrace length was 200 m, with a 50 m spacing between them. The box type had each side measuring 90 m. For the T-shape design, each side was 90 m long, and the spaces between the terraces varied from 110 m (shorter) to 200 m (longer). All terrace heights were established at +0.5 m NAVD88.
2.3.3 Model input parameters
2.3.3.1 Sediment composition of terraces
The sediment composition of the terraces at both Bayou Monnaie and Bay Alexis were very similar despite their different locations (Figure 4). Predominantly, the sediments consisted of mud (silt + clay) and organic matter, with a low proportion of sand (approximately 10%). In the model runs, four different sediment types were considered so as to assess the impact of sediment composition on terraces efficacy: organic marsh soil, sand, silt, and clay. Specifically for terraces, two sediment compositions were examined in this study: mud and sand. The “mud” composition, roughly based on field measurements from Bayou Monnaie, included 10% sand, 50% organic marsh soil, 30% silt, and 10% clay. Conversely, the “sand” composition, derived from literature values (Feher and Hester, 2018; Perry and Mendelssohn, 2009), comprised 50% sand, 10% organic marsh soil, 30% silt, and 10% clay. These two sediment compositions represent potential variations in sediment composition across Louisiana (Figure 4).
[image: Bar chart showing percent composition of soil types in four fields: Bay Alexis, Bayou Monnaie, Mud Dominated, and Sand Dominated. Categories include organic marsh soil, sand, silt, and clay, with varying percentages for each field.]FIGURE 4 | Comparison of modeled data (Mud Dominated and Sand Dominated) and field collected percentage of sediment types representing the top of the terrace.
The cohesive sediment transport model parameters were determined through a review of relevant literature. Specifically, various critical shear stress values for mud and organic marsh soil were extracted from similar numerical modeling studies. For mud in coastal Louisiana, the typical critical shear stress ranges from 0.03 to 2.0 Pa, as reported in studies conducted in Atchafalaya Bay (Edmonds and Slingerland, 2010; Liu et al., 2020), Wax Lake Delta (Nardin and Edmonds, 2014), and the northern Gulf of Mexico (Zang et al., 2019). The critical shear stress for organic mud soil in Jamaica Bay, NY, varies from 0.5 to 1.5 Pa for low to high marsh conditions (Hu et al., 2018). In this study, calibrated values of 0.15, 0.01, and 1.5 Pa for silt, clay, and organic soil marsh, respectively, were used. This was based on research conducted in the Lower Mississippi Deltaic Plain (Baustian et al., 2018). Additional parameters related to cohesive sediment transport modeling were based on Baustian et al. (2018) and are detailed in Table 1. For sand transport, including suspended sediment and bedload transport, the Van Rijn formulation (Van Rijn, 2007a; Van Rijn, 2007b) in Delft3D was used with the median diameter of sand D50 = 100 µm.
TABLE 1 | Sediment transport parameters used for the model setup.
[image: Table comparing soil properties for silt, clay, and organic marsh soil. The table includes settling velocity, critical shear stress for erosion and deposition, and erosion rate. Silt and organic marsh soil have similar settling velocities of 0.1 millimeters per second and critical shear stress for deposition at 1,000 Pascals. Clay has a settling velocity of 0.001 millimeters per second. Critical shear stress for erosion is highest in organic marsh soil at 1.5 Pascals, compared to 0.15 for silt and 0.01 for clay. Erosion rates are 0.001 kilograms per square meter per second for all soil types.]2.3.3.2 Vegetation
Bay Alexis was diverse fresh marsh with multiple vegetation species observed on the terraces including, Spartina cynosuroides, Sagittaria platyphylla, and Shoenoplectus americanus. The dominant vegetation type at Bayou Monnaie was saline marsh (i.e., Spartina alterniflora). Mangroves (Avicennia germinans) were not present at either of the terrace sites but do occur in Louisiana saline marshes and have potential for greater wave attenuation (Hijuelos et al., 2019). It has been observed that mangrove forests in coastal Louisiana have consistently migrated northward due to increases in mean air temperature (Osland et al., 2017; Osland et al., 2022). To test the potential affect of Spartina alterniflora being replaced by Avicennia germinans in the future, measurements of mangroves were taken at a third location near Grand Isle, Louisiana following the same procedure as the emergent vegetation. Table 2 shows the vegetation parameters such as vegetation height, diameter, and density. Based on field measurements, the terrace was categorized into three zones (i.e., bottom edge of terrace, outer [side slope] terrace, and inner [top] terrace).
TABLE 2 | Vegetation parameters used in the scenario runs.
[image: Table comparing vegetation parameters for different marsh types. It shows height, stem density, and stem diameter for Bayou Monnaie-saline (deep water) and Bay Alexis-fresh marsh (shallow water) during minimum (spring), maximum (summer), and mangrove conditions. Values are provided for outer, inner, and edge zones.]2.3.4 Model boundary conditions
The model domain had three open boundaries and one land boundary (the levee side on the right; Figure 2A). It was assumed that waves and currents propagated from left (open boundary) to right in the model grid. Lateral open boundaries were defined using the radiation boundary condition, ensuring that waves generated in the model domain passed through the lateral boundaries with minimal reflection.
Two boundary conditions were established for the model tests: calm and storm conditions (Figure 5). In the calm condition, water elevation (Figure 5B) and wave (Figure 5C) data measured at Bayou Monnaie were assigned to the open boundary. Wind data (Figure 5A) based on the Grand Isle NOAA station (8761724) was utilized to enhance bottom shear stresses near the terraces due to locally generated short-period waves. To simplify the model tests, wind and wave direction were fixed perpendicular to the terraces (i.e., from left to right). Total suspended sediment (TSS) concentrations at the open boundary were estimated using the field turbidity measurements by applying the relationship (Equation 1.; Meselhe et al., 2015).
[image: Equation representing the relationship between total suspended solids (TSS) and turbidity: TSS equals 0.98 times turbidity plus 5.65.]
[image: Seven graphs display various environmental data over time in 2018. Graphs (a) to (c) show wave height, water flow, and wave period, respectively, from March 16 to April 6. Graph (d) compares silt, clay, and sand concentrations. Graphs (e) to (g) depict wave height, water flow, and wave period for a single day on March 17 to 18. The graphs highlight variations and peaks in measurements.]FIGURE 5 | Model boundary conditions for calm (A–D) and storm (E–G) conditions (note different scales). Concentrations in (D) refer to suspended sediment concentrations for silt, clay, and sand. Suspended sediment concentrations during storm conditions were specified by peak values measured during the field measurement period (D).
The estimated TSS was divided into 40% silt and 60% clay. Sand was not considered, given that it makes up a relatively small portion (<10%) of TSS. Additionally, organic matter was excluded from the inflow conditions through the open boundary, under the assumption that the majority of organic matter originates from vegetation on the terraces.
The boundary conditions for the storm were based on results of a Hurricane Katrina (2005) simulation developed by Baustian et al. (2020). From the simulated model results, wind (Figure 5E), water elevation (Figure 5F), and wave (Figure 5G) time series data were extracted at Bay Alexis. Sediment concentrations for sand, silt, and clay at the open boundary were defined as 0, 200, 300 mg/L, respectively, based on peak concentrations measured during the calm condition (see Figure 5D). The simulation represented a 48 hour storm.
2.4 SAV potential habitat
Potential habitat for SAV was estimated using simulated model results because SAV is recognized as providing valuable ecosystem services such as juvenile fish habitat and carbon sequestration (Hillmann et al., 2020). SAV habitat suitability is influenced by various factors, including geomorphological and bathymetric characteristics (e.g., protected shoals or bays), bottom sediment types (e.g., grain size and organic content), physical properties (e.g., waves, currents), and water quality (e.g., water clarity, salinity, temperature; Eisemann et al., 2021). These factors play a crucial role in both SAV recruitment and the survival of existing meadows.
SAV, especially dense meadows, can influence water flow and waves (Zhang and Nepf, 2019) but was left out of the modeling as within coastal Louisiana, it has high spatial and temporal variability (DeMarco et al., 2018). In this study, the SAV suitability (potential SAV habitat) was based on (1) exposure (water depth) and (2) physical disturbance (shear stress), which were considered important physical conditions that could preclude SAV occurrence. Suitability for SAV was determined by water depth: water depths less than 10 cm were defined by the model as land, excluding SAV, and a depth of 1 m was assumed to be to the maximum depth limit, due to light limitation (Hillmann et al., 2020). Physical disturbance was determined by shear stress at the sediment surface. Previous studies have found that there is a maximum of 0.5 Pa of shear stress over which certain SAV species were not observed (Van Zuidam and Peeters, 2015). Already rooted plants may tolerate a higher shear stress during storms depending on the species and sediment structure (Schutten et al., 2005; Howes et al., 2010).
For assessment of SAV potential habitat in this study, it was assumed that critical shear stress for SAV was 0.5 Pa. This shear stress is consistent with other current SAV models (DeMarco et al., 2018) and data (Hillmann, 2018). Salinity is also a critical determinant of SAV occurrence in coastal Louisiana (Bornette and Sara, 2011; Kemp et al., 2004; Koch et al., 2006; Shields and Moore, 2016), however because it varies at a coastal scale rather than a project site scale, it was assumed to be ideal for SAV in all scenarios. Furthermore, it was recognized that calculated potential SAV habitat was or comparative purposes and that many non modeled processes (such as recruitment) may result in the potential habitat not being occupied.
2.5 Comparative analyses
The numerical model was utilized to evaluate potential benefits of marsh terrace restoration. First, five terrace designs were compared to select the optimal design for use in subsequent comparisons (Figure 6). For these subsequent comparisons, a single variable (vegetation, sediment, water depth) was varied, holding the other variables constant under simulated storm conditions (Figure 7). Lastly, the model results were used to assess the potential impacts on SAV, assuming that all potential SAV habitat was fully occupied. The model input data for this analysis were based on data calibrated and validated in a previous study in coastal Louisiana (Baustian et al., 2018), as well as additional field measurements.
[image: Chart displaying net sedimentation effects in calm and storm conditions on different structure types: Chevron at 100m and 200m, Linear, Box, and T-Shape. Calm images (left) show less sedimentation (red to yellow), while storm images (right) indicate increased sedimentation (blue to yellow). Color scale ranges from -20 to 160 centimeters.]FIGURE 6 | Comparison of five terrace designs under both calm and storm conditions, while keeping other conditions constant [i.e., deep water depth, sand-dominant type, and minimum (spring) vegetation]. Note the orders of magnitude change in the scale bar for the storm condition. Chevron 100 m refers to a chevron type terrace with 100 m spacing. Chevron 200 m refers to a chevron type terrace with 200 m spacing. Linear represents a linear type terrace. Box referes to a box type terrace. T-shape indicates a T-shape type terrace.
[image: Heat map grid showing sediment concentration across different vegetation conditions and substrate types. Columns represent substrate types: Deep & Mud, Shallow & Mud, Deep & Sand, Shallow & Sand. Rows show vegetation levels: No Vegetation, Minimum (Spring), Maximum (Summer), and Mangrove. Color scale ranges from -5 to 5, with warmer colors indicating higher sediment concentration.]FIGURE 7 | Results, using the box type terrace under storm conditions, for effects of variation in vegetation, sediment type and water depths. “Deep” and “Shallow” refer to −1.0 m and −0.5 m water depths, respectively. “Mud” and “Sand” refer to mud-dominated and sand-dominated sediment at the terrace, respectively.
This approach does not account for the variability and uncertainty inherent in potential outcomes, as the model output provides a single iteration for each scenario, resulting in a deterministic output. While not replicated as multiple iterations, each reported data point for elevation change, for example, is a mean value in space of the 5 m model grid cells that represent the emergent component of each terrace. Therefore each reported number does represent a central tendency from multiple (tens of thousands) individual grid cells. The primary aim of this study was to explore these deterministic outcomes under specific scenarios.
3 RESULTS
3.1 Terrace design comparisons
The evaluation of five terrace designs (Figure 3) was conducted considering deep water (−1.0 m), the sand-dominant type, and minimum (spring) vegetation, under both calm and storm conditions (Figure 6). The terrace performance was evaluated in terms of net sedimentation rates (cumulative sedimentation and erosion).
Under calm conditions, there was negligible difference in sedimentation rate amongst terrace designs and sedimentation was low in all cases with a 0.2 mm maximum sedimentation during the simulation periods (23 days). No erosion occurred around the terraces regardless of terrace designs, and minimal sediment deposition was observed (Figures 6A–E). Under calm conditions, the chevrons with 100 m spacing (Figure 6A) had no sediment erosion at the front of the terraces facing waves and currents. However, some sediment was deposited between the terraces. The sediment deposition decreased toward the center of the terrace field. This result indicated that the deposited sediment was transported from outside the terrace field instead of being eroded and redeposited within the terrace field. Similar sedimentation and erosion patterns near the terrace fields were found for all terrace designs (Figures 6B–E).
Conversely, in storm conditions (Figures 6F–J), large amounts of erosion were observed at the top of the terraces, with sediment movement and deposition throughout all terrace designs. The storm condition also showed increased erosion surrounding the terraces (Table 3). In particular, the front emergent terraces exposed directly to storm conditions were eroded up to 10 cm in the 100 m spaced chevron case (Figure 6F), and the lateral sides of the terrace field were also eroded in the direction of water flow due to strong wave and current interactions. Sediment was deposited within borrow areas around the terraces and the maximum sedimentation was 1.2 cm. Most of the sediment deposited within the terrace field was composed of sand originating from the terraces themselves, rather than from outside the terrace field. Despite strong waves and currents resulting in sediment erosion, movement, and deposition, the majority of the terraces were intact after the simulated major storm.
TABLE 3 | Net changes of bottom elevation for five different terrace types with sand-dominant, minimum (spring) vegetation, and deep water under calm and storm conditions. See Figure 2B for explanation of reporting sections (Sec.1 through Sec.5).
[image: Table showing the net change of bottom elevation in centimeters per section under different weather conditions and terrace types. In calm weather, all terrace types show a consistent change of 0.01 cm across sections 1 to 5, with an overall change of 0.01 cm. In storm conditions, the box terrace shows negative changes ranging from -4.1 cm to -1.2 cm, with an overall change of -2.6 cm. Other types like Chevron 100 m, Chevron 200 m, Line, and T-Shape also indicate negative changes, with overall values of -2.6 cm to -2.9 cm.]For the remaining comparisons, a single terrace design was chosen for further evaluation. The Chevron 200 m, line, and T-shape designs (Figures 6G, H, J), which had exhibited the highest rates of erosion (Table 3), were not tested further. Both the Chevron 100 m (Figure 6F) and box terrace designs (Figure 6I) demonstrated the least erosion in the simulations. However, the box design was selected for further analysis due to its higher resilience to multiple wave and storm directions. For further comparisons the box terrace design was then simulated with storm conditions since calm conditions had minimal effects on any terrace designs over 23 days.
3.2 Emergent vegetation comparison
A series of comparisons were conducted using multiple design runs of the numerical model so as to understand the effect of vegetation on efficacy of the box terrace design. Four vegetation conditions on top of the terraces were modeled: 1) no vegetation, 2) minimum (spring) vegetation biomass, 3) maximum (summer) vegetation biomass, and 4) mangrove (Table 2). Under storm conditions, each of these four vegetation conditions was compared in combination with deep (−1.0 m) or shallow (−0.5 m) water depth and mud or sand sediment types.
In the deep water and mud sediment case (Figure 7A), there was a large effect of vegetation type on sediment erosion of the terraces and subsequent sedimentation. In the absence of vegetation (Figure 7a1), the front terraces exposed directly to storm conditions experienced greatest erosion, exceeding 20 cm compared to the initial condition, and erosion was observed across the entire terrace field. Erosion from between the terraces was minimal in comparison to the terraces themselves. There was erosion at the front of terraces with minimum vegetation (Figure 7a2) and mangrove (Figure 7a4), while terraces with maximum vegetation (Figure 7a3) exhibited no visible erosion. The sediment that eroded from the front terraces appeared to be deposited at the back of the terrace field.
Sediment deposition and erosion patterns inside the terrace field varied with the vegetation type on top of the terraces. Maximum vegetation biomass showed much less terrace sediment erosion and greater sediment deposition onto the terraces (Figure 7a3) compared to minimum vegetation biomass (Figure 7a2) or mangroves (Figure 7a4). The maximum vegetation biomass (height: 1.43 m and density (= stem density x stem diameter): 1.5/m) additionally showed less erosion on the tops and slopes of the terraces compared to mangrove with the height (0.65 m) and density of (1.4/m). Considering similar vegetation biomass, vegetation height had a greater effect than vegetation density in reducing the erosion of terraces.
The effects of terrace vegetation on sediment erosion and deposition were similar for shallow water depth and sand-dominated type terraces (Figure 7D) compared to deep water and mud-dominant type terraces (Figure 7A). However, there was greater sediment erosion within and surrounding the terrace field, with higher erosion observed on the front terraces exposed directly to storm conditions. In the absence of vegetation (Figure 7d1), a significant portion of both the emergent terraces and the submerged areas within the terrace field eroded. A similar pattern was evident in the minimum vegetation scenario (Figure 7d2). Under the maximum vegetation scenario (Figure 7d3), erosion was confined to the front terraces exposed directly to storm conditions, while sediment deposition occurred in the rear terrace field.
The overall net change of bottom elevation in the terrace site was calculated (Table 4). The modeled results demonstrated that the presence of terrace vegetation enhanced the terrace stability and trapped sediments inside the terrace field during the storm period, regardless of sediment type and water depth of the terrace field.
TABLE 4 | Net changes in bottom elevation in the box terraces due to variations of vegetation, sediment, and water depth under storm conditions. See Figure 2B for explanation of sections (Sec.1 through Sec.5).
[image: Table showing net change in bottom elevation for mud-dominant and sand-dominant sediments under various vegetation conditions and water depths. Data includes changes in sections one to five, with overall values. Measurements in centimeters indicate elevation changes, with specific conditions like "Minimum (Spring)" and "Maximum (Summer)" for both "Deep (-1.0 m)" and "Shallow (-0.5 m)" water depths, showing variations in elevation changes.]3.3 Sediment type effect
Terraces with two different sediment types, mud-dominated and sand-dominated, were tested to investigate whether sediment type influenced terrace morphological change after a simulated storm. First, the two sediment types were compared under storm conditions for deep water, with four different vegetation conditions (Figures 7A, C). Both the terraces constructed of mud (Figure 7a1) and of sand (Figure 7c1) had significant erosion with no vegetation, more in the case of sand-dominated (overall net change of bottom elevation was −5.3 cm in Table 4) than for mud-dominated (−3.4 cm in Table 4). For minimum vegetation, mud-dominated terraces (Figure 7a2) showed less erosion on their tops and higher sediment deposition in submerged areas between terraces within the terrace field compared to the sand-dominant terraces (Figure 7c2). With maximum vegetation and mangrove, the mud-dominant terraces exhibited minimal terrace erosion (Figure 7a2; Figure 7a4), even for the front terraces that had the greatest exposure to water current and waves. In contrast, the sand-dominant terraces showed erosion at the front but more deposition within the terraces (Figure 7c3; Figure 7c4). However, the high sedimentation observed in terraces constructed of sand (Figure 7c3; Figure 7c4) was attributed to the increased erosion on both the front terraces exposed directly to storm conditions and the sediment at the bottom of the outer areas of the terrace field. The comparison in shallow water depth (Figures 7B, D) yielded similar results to the deep water depth.
3.4 Water depth effect
The two different water depths between emergent terraces (deep and shallow; Figure 2C) were tested to investigate the influence of interior water depth on terrace morphological changes. These were established as deep, with a bottom elevation inside terraces of −1 m and shallow, with a bottom elevation inside terraces of −0.5 m. The comparison also included both sediment types as well as four different vegetation types under storm conditions.
In the case of no vegetation, modeled deep and shallow terrace fields experienced significant erosion, particularly affecting the exposed side of the terrace field. The shallow terrace field had more sediment erosion than the deep terrace field (−3.4 cm vs.-−5.2 cm for mud sediment type; −5.3 cm vs. −6.9 cm for sand sediment type in Table 4). A similar pattern was observed for minimum vegetation and mangrove conditions (Figures 7a2–d2; Figures 7a4–d4). However, under the maximum vegetation condition, both water depths exhibited a similar pattern with visible erosion limited to the exposed edge of the terrace field (for mud: Figure 7a3; Figure 7b3 and for sand; Figure 7c3; Figure 7d3). The overall net changes, including emergent terraces and submerged areas, were also very similar (1.1 cm vs. 1.1 cm for mud-dominated sediment type; 2.1 cm vs. 1.9 cm for sand-dominated sediment type in Table 4).
3.5 Potential SAV habitat
Based on modeled water depth and bottom shear stress, potential SAV habitat was evaluated for the different sediment types and water depths between terraces under each of the four emergent vegetation types (Table 5 and Figure 8). In the storm conditions, the potential SAV habitat was evaluated using bottom elevation updated at the end of storm simulation because strong current and high wave energy eroded the terraces and redistributed sediments originating from both the front terraces exposed directly to storm conditions and the sediment at the bottom of the outer areas of the terrace field. The maximum shear stress simulated during the storm period was also used to determine potential SAV habitat.
TABLE 5 | Potential SAV habitat area after 48 hours of simulated storm conditions within box terraces with varying vegetation density, sediment type, and water depth between the terraces.
[image: Table showing areas in square meters of mud-dominant and sand-dominant vegetation types, both shallow and deep. Values for each category: None, Minimum (Spring), Maximum (Summer), and Mangrove. Data details areas for each vegetation and depth type combination.][image: Matrix of grids showing vegetation distribution in different habitat types and seasons. Columns represent habitat types: Deep & Mud, Shallow & Mud, Deep & Sand, Shallow & Sand. Rows denote vegetation scenarios: No Vegetation, Spring Vegetation, Summer Vegetation, Mangrove Vegetation. Green indicates Submerged Aquatic Vegetation (SAV), gray represents land, and red marks areas without SAV due to shear stress.]FIGURE 8 | Potential SAV habitat distribution using the box type terrace for effects of vegetation, sediment type and water depth of the terrace site under storm conditions. “Deep” and “Shallow” refer to deep and shallow water depths at the terrace sites, respectively. “Mud” and “Sand” denote mud-dominated and sand-dominated sediment types at the terrace, respectively.
The spatial distribution of potential SAV habitat showed minor variation with different sediment and vegetation conditions, but the largest variation was related to water depth between terraces, with higher potential SAV habitat at the shallow areas (green areas in Figures 8B, D) compared to the deep areas (green areas in Figures 8A, C). During the storm period, strong currents and high wave energy propagated into the terrace field but most of wave energy was dissipated and current speeds were reduced due to the shallow depth inside the terrace field and vegetation on top of the terraces.
For mud-dominant terraces, potential SAV habitats were influenced by the initial water depth in the terrace field because the terraces exhibited minimal sediment erosion. The sand-dominant terraces also displayed a pattern similar to the mud-dominant terraces across most vegetation types, including no vegetation, minimum vegetation, and mangrove, except for maximum vegetation. However, with maximum vegetation, the sand-dominated terraces demonstrated the ability to trap and retain a substantial amount of sediment eroded from both the front terraces exposed directly to storm surges and the sediment at the bottom of the outer areas of the terrace field. In general, the spatial distribution of potential SAV habitat showed a pattern similar to the net sediment deposition (Figures 7, 8) because the SAV suitability inside the terrace field was primarily determined by suitable water depth.
4 DISCUSSION
The effectiveness of marsh terraces constructed as nature-based solutions were evaluated using numerical model experiments based on field sampling of vegetation and physical parameters. Common terrace designs were tested. The box and Chevron 100 m terraces of combined wave, current, and surge had the greatest sediment retention, particularly when positioned perpendicular to prevailing winds. The preferred design, the box terrace, demonstrated resilience for all wind and wave directions. Vegetation presence on top of terraces, especially with maximum vegetation biomass, enhanced terrace stability against erosion. Deeper water depths between terraces increased sediment retention, with terraces composed of mud exhibiting greater stability. The model revealed that vegetation had the most substantial impact on sediment retention, while water depth was the primary determinant of potential habitat for SAV.
Future research might consider stochastic analysis to account for the variability and uncertainty inherent in the model outputs. For this study, the addition of field data, such as sedimentation rates, through long-term monitoring at terrace sites would have been beneficial to reduce uncertainty in model output further. Understanding the meaningful ranges for each model input parameter would further increase the reliability of the stochastic outputs. It was not possible to validate current model outputs with field data, although they were calibrated with field measurements.
4.1 Terrace design comparisons
In this study, five terrace designs (i.e., chevrons with 100 m spacing (Chevron 100 m), chevrons with 200 m spacing (Chevron 200 m), linear, box, and T-shape) were compared under calm and storm conditions with deep water between the terraces sand-dominant sediment, and minimum (spring) vegetation. In the calm condition scenario, no significant differences among terrace designs were observed in terms of stability of the emergent terraces and sediment deposition in submerged areas between the emergent terraces (Figure 6). However, a significant difference was observed in the storm conditions. The Chevron 100 m and box terraces exhibited higher efficacy than the Chevron 200 m, linear, or T-shape. In particular, a comparison between Chevron 100 m and 200 m highlighted the effect of distance between terraces. A shorter distance between the emergent terraces resulted in less erosion from the emergent terraces and an increase in sedimentation within the terrace field.
Based on efficacy in terms of least erosion of emergent terraces and maximum retention of sediment within the terrace field, the box terrace design was optimal because it would function equally well for storms from any direction. Hurricanes, including Katrina, Rita, Gustav, and Ike have been observed to erode terraces (Osorio et al., 2020). Therefore, the box design may be preferred as it provides equal efficacy regardless of the hurricane paths and wind directions and hurricanes have highly variable paths even if seasonal winds and cold fronts have a dominant and predictable direction.
However, in some locations, this advantage might not justify the potentially higher construction cost of the box design. In a recent study comparing terrace designs in coastal Louisiana (Osorio et al., 2024), the chevron type with 120 m terrace spacing was identified as the optimal design, considering construction costs and wave reduction, especially in areas where bi-directional wind waves were dominant. Nevertheless, that study also concluded that the box terrace design could be considered optimal in situations where wind directions are not perpendicular to the terrace site.
4.2 Effects of vegetation, sediment type and bottom elevation on terrace performance
The terrace, conceived as a nature-based solution, was designed to mitigate wetland loss by reducing incoming wave energy and enhancing or restoring marsh ecosystems through increased sediment capture. Construction of marsh terraces is cheaper than constructing continuous marsh as they require much less sediment and often can be built using local sediment from within the restoration site. This study examined three parameters that could influence terrace performance using the box terrace design, vegetation, sediment type, and water depth between the emergent terraces.
Vegetation on top of the terraces was found to have the greatest influence on stability of the emergent terraces and sediment deposition within the terrace field, whereas the effect of water depth between terraces was not significant. Maximum vegetation, characterized by greater height and density, demonstrated considerably less erosion on the emergent terraces and more deposition in the terrace field. Vegetation height had a more substantial impact than vegetation density in reducing terrace erosion under the storm conditions with elevated water depth. This result agrees with a study conducted by Nepf (2012), which found that vegetation height had a more pronounced effect on flow resistance when vegetation density exceeded a certain threshold (i.e., roughness density ≥0.1).
According to Xu et al. (2022), the sedimentation in deltaic marshes showed a nonlinear relationship with vegetation density, with higher sedimentation rates at intermediate vegetation density rather than high density. This is because high vegetation density limited the sediment supply to the inside of marshes by reducing the current velocity. However, considering the relatively narrow width of terraces (approximately 15 m for the top and both sides) and the terraces’ intended benefit to reduce shoreline erosion and increase sediment deposition between terraces, a higher density of vegetation may prove more effective in maintaining terrace stability and promoting sediment capture on top of terraces, as well as in the spaces between them (Osorio et al., 2020).
The sediment composition of terraces was found to be closely linked to terrace stability, with mud-dominated terraces having high soil shear strength and therefore eroding less than sand terraces. This suggests that muddy materials associated with high organic matter from vegetation might offer better stability for terraces, aligning with findings reported in Hu et al. (2018). The presence of less cohesive soils makes it challenging to construct marsh terraces compared to mudflats, which consist of organics, silt, and clay (Osorio et al., 2020). However, a low mineral sediment rate in soil weakens soil consolidation and reduces friction between roots and surrounding soils, leading to an increased risk of marsh failure (Howes et al., 2010). Model results indicated that the presence of vegetation on sand-dominant terraces enhanced terrace stability by reducing current speeds and wave energy during storm periods. The presence of vegetation also increases soil strength because vegetation roots bind the sediment (Howes et al., 2010).
The benefits of reduced erosion and increased sedimentation provided by vegetation during storm events indicates the benefit of planting marsh terraces, or encouraging natural recruitment, in the construction process, especially in terraces constructed of sand. The advantages of vegetation on terraces become apparent when reflecting on historical events at the research site. The initial construction of the Bay Alexis terraces, which were under construction when almost entirely eroded by Hurricane Katrina in 2005, suggests that lack of vegetation coverage at the time might have contributed to high rate of erosion. However, based on model results, a similar storm today would not be expected to result in the same level of erosion, indicating the potential viability of terraces as a method for habitat creation and storm protection (surge, wave, and current reduction).
Additionally, the seasonal change of marsh vegetation is an important consideration for planting on terraces. Vegetation biomass, including height and density, change throughout the year due to growth and senescence, resulting in higher vulnerability to erosion at some times of the year. For example, when hurricanes occur in late summer and fall, marsh vegetation will be at its maximum. In contrast, during the cold fronts of winter, marsh vegetation will be at its minimum. However, mangroves are expected to maintain similar resilience even during winter storms, although they exhibit greater similarity to spring (minimum) marsh vegetation. Therefore, diversity of vegetation may help terraces maintain resistance to waves based on seasonal wind patterns.
4.3 Potential SAV habitat
The potential SAV habitat in the terrace field was assessed considering simulated water depth and bottom shear stress. Based on the model results, the potential SAV habitat in the terrace field was predominantly influenced by water depth between terraces. The occurrence of high shear stress (>0.5 Pa) within the terrace field was limited to the unvegetated terrace conditions, even though the simulated storm. In cases where vegetation was present on top of the terraces, no loss of potential SAV habitat due to excessive shear stress was observed. This observation can be attributed to the effective attenuation of waves within the terrace site, as noted by Osorio et al. (2024), reducing bottom shear stress within the terrace field.
Remote sensing analysis (Osorio et al., 2020) revealed both high erosion and high sedimentation on terraced sites after storm events. Sediments in the terrace were assumed to originate from both terrace erosion and external storm-driven sediment supply (Osorio et al., 2020). In the current study, model results (Figures 7, 8) also showed high erosion and sedimentation after storm events, especially in sand-dominant terraces with maximum (summer) vegetation, where increased potential SAV habitats in both deep and shallow water depths resulted from substantial sediment deposition during the storm event. These findings clearly illustrate the crucial role of vegetation type in trapping and retaining sediments within the terraces, regardless of the sediment type present in the terraces.
Sediment deposition and erosion can impact existing SAV habitats because significant changes in bed elevation during storm events can affect SAV growth and distribution (Eisemann et al., 2021). High sediment erosion during storms may damage SAV beds by removing aboveground leaf material and uprooting plants, while high sedimentation can bury and kill SAV, as observed in Ship Island, Mississippi, with a sedimentation rate over 5 cm/year (Eisemann et al., 2019).
Based on the model results, two key considerations emerge to enhance potential SAV habitats within terrace fields. First, the water depth inside the terrace field should be shallow for optimal SAV growth. The establishment of SAV habitats within the terrace field may increase wave attenuation and sedimentation, thereby enhancing terrace stability. Second, potential SAV habitat will be attained when emergent vegetation is growing on the terraces post-construction. Prioritizing planting and appropriate vegetation types on top of built marsh terraces can maximize terrace stability and increase sedimentation within the terrace field. Planting created terraces will also maximize the potential area of SAV habitat within the terrace field.
5 CONCLUSION
Marsh terraces, implemented as a restoration and protection strategy along the Louisiana coast, were assessed for their efficacy as a nature-based solution using a hypothetical idealized model based on local field measurements. Multiple parameters influencing terrace stability and sediment capture, including terrace design, vegetation, sediment type, and water depth, were evaluated.
It was found that the presence of vegetation on the terrace minimized erosion and enhancing sediment capture, even under storm conditions. Increasing vegetation height and density improved terrace stability and enhanced sediment-capture. In addition to sediment capture, the terraces provided large areas of potential SAV habitats, given that SAV grow primarily in relatively shallow and low-energy environments.
While the model was developed using field data from specific Louisiana marsh sites, it is generalizable as a valuable tool for planning terrace restoration projects in any similar coastal habitats. Looking forward, these findings contribute not only to our understanding of marsh terrace dynamics but also offer insights for future terrace restoration project planning, emphasizing the critical role of vegetation in promoting both stability and ecological benefits in coastal environments.
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One of the world’s largest “blue carbon” ecosystems, Louisiana’s tidal wetlands on the US Gulf of Mexico coast, is rapidly being lost. Louisiana’s strong legal, regulatory, and monitoring framework, developed for one of the world’s largest tidal wetland systems, provides an opportunity for a programmatic approach to blue carbon accreditation to support restoration of these ecologically and economically important tidal wetlands. Louisiana’s coastal wetlands span ∼1.4 million ha and accumulate 5.5–7.3 Tg yr−1 of blue carbon (organic carbon), ∼6%–8% of tidal marsh blue carbon accumulation globally. Louisiana has a favorable governance framework to advance blue carbon accreditation, due to centralized restoration planning, long term coastal monitoring, and strong legal and regulatory frameworks around carbon. Additional restoration efforts, planned through Louisiana’s Coastal Master Plan, over 50 years are projected to create, or avoid loss of, up to 81,000 ha of wetland. Current restoration funding, primarily from Deepwater Horizon oil spill settlements, will be fully committed by the early 2030s and additional funding sources are required. Existing accreditation methodologies have not been successfully applied to coastal Louisiana’s ecosystem restoration approaches or herbaceous tidal wetland types. Achieving financial viability for accreditation of these restoration and wetland types will require expanded application of existing blue carbon crediting methodologies. It will also require expanded approaches for predicting the future landscape without restoration, such as numerical modeling, to be validated. Additional methodologies (and/or standards) would have many common elements with those currently available but may be beneficial, depending on the goals and needs of both the state of Louisiana and potential purchasers of Louisiana tidal wetland carbon credits. This study identified twenty targeted needs that will address data and knowledge gaps to maximize financial viability of blue carbon accreditation for Louisiana’s tidal wetlands. Knowledge needs were identified in five categories: legislative and policy, accreditation methodologies and standards, soil carbon flux, methane flux, and lateral carbon flux. Due to the large spatial scale and diversity of tidal wetlands, it is expected that progress in coastal Louisiana has high potential to be generalized to similar wetland ecosystems across the northern Gulf of Mexico and globally.
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1 INTRODUCTION
Coastal blue carbon refers to the greenhouse gases (GHGs), such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), that are stored, sequestered, and/or emitted by vegetated coastal tidal ecosystems amenable to management (Crooks et al., 2019; Windham-Myers et al., 2019; IPCC, 2022; Macreadie et al., 2022). Since 2000, there has been increasing interest in the carbon sequestration potential of coastal herbaceous wetlands, evidenced by an exponential increase in blue carbon-related publications (Duarte de Paula Costa and Macreadie, 2022). The recent U.S. Ocean Climate Action Plan called for advances in protection and restoration of blue carbon habitats (Ocean Policy Committee, 2023). Globally, wetland ecosystems make up only 5%–8% of Earth’s land surface, yet store between 20% and 30% of all soil carbon (Fourqurean et al., 2012; Nahlik and Fennessy, 2016). Tidal wetlands, in particular, are highly efficient at producing and accumulating organic matter and therefore have a high potential to sequester carbon (Chmura et al., 2003; Laffoley and Grimsditch, 2009; Ouyang and Lee, 2014; Hopkinson, 2020).
While the contribution of blue carbon to global-scale emissions offsetting is likely to be limited (Macreadie et al., 2022), blue carbon from tidal wetlands has the potential to make a meaningful contribution at national and sub-national scales. There are three factors driving the need to generate carbon offset credits for tidal wetland blue carbon in Louisiana. These are: 1) the state of Louisiana’s goal to meet GHG reduction targets; 2) rapid ongoing coastal land loss in the Mississippi River Delta; and 3) the need for sustainable future funding to implement coastal protection and restoration in the state of Louisiana. Approaches to supply offsets through voluntary carbon markets have been demonstrated in China, small island states, and other states in the United States (Sutton-Grier et al., 2014; Crooks et al., 2018; Wedding et al., 2021; Friess, 2023; Liu et al., 2024). In 2014, the Louisiana Coastal Protection and Restoration Authority (CPRA) developed a methodology for quantifying blue carbon sequestration resulting from wetland creation activities through the Verified Carbon Standard (VCS) (VM0024: Methodology for Coastal Wetland Creation; CPRA, 2014). At that time, the anticipated low market value of blue carbon credits, along with the high costs of project implementation, meant there was not sufficient financial return to incentivize implementation of blue carbon-oriented projects under this methodology. However, the State of Louisiana’s effort to develop that new methodology highlights their interest in developing new approaches to maximize the carbon market incentives for coastal restoration (Macreadie et al., 2022). The process of method development also identified areas where more data were needed to improve assumptions and increase accuracy in future net carbon flux quantification.
There is currently a lack of precedent when it comes to accreditation of blue carbon projects in herbaceous tidal wetlands, even though the, now retired, VM0024 was developed in Louisiana specifically for tidal wetlands. Most internationally accredited blue carbon projects have been in mangrove habitats, primarily based on large above ground biomass rather than soil carbon (Emmer et al., 2023; Verra, 2020). Therefore, mangrove projects are most analogous to the terrestrial-forest or agricultural revegetation projects that also focus on above ground biomass production. In addition, blue carbon in general makes up a small percentage of all nature-based crediting which is currently dominated by terrestrial forestry projects. Of the 35 blue carbon projects listed on registries globally (Verra, ACR, Plan Vivo; seven fully registered, 28 in development), one is focused on seagrasses, 31 include mangrove systems, and three are in tidal marshes (as of March 2023; ACR, 2023; Verra, 2023b; VIVO, 2023). Of these projects, 15 focus on conservation or avoided carbon loss, 13 on restoration or reforestation, and 7 include both conservation and restoration. In all cases, the carbon credit yield is weighted towards avoided emissions (avoided loss of habitat) rather than the potential for additional carbon stored through habitat creation or restoration (ACR, 2023; Verra, 2023b; VIVO, 2023). There are currently three U.S. blue carbon projects working towards registration (i.e., listed in the registry). Two related to restoration of water exchange in California tidal marshes using a California-specific methodology, and one in Virginia with a seagrass habitat focus under VM0033 (Verra, 2023b). The case studies for successfully crediting large blue carbon projects have also been in woody mangrove forests, such as Cispata Bay in Colombia and the Delta Blue Carbon Project in Pakistan (Kairo et al., 2020; Indus Delta Capital et al., 2021; Friess et al., 2022). No blue carbon project has been registered (issued credits) that includes any habitat equivalent to the herbaceous Spartina-dominated tidal marshes of coastal Louisiana, despite their known importance in regional carbon budgets (Baustian et al., 2020b).
There are two primary ways that restoration of tidal wetlands directly mitigates carbon release. Firstly, restoration and creation of coastal wetlands directly increases the carbon storage potential of coastal areas into the future by direct increase in wetland area (Greiner et al., 2013; Lovelock et al., 2022). Secondly, created wetlands can provide additional protection to nearby emergent wetlands, potentially reducing shoreline erosion from storms and waves. The reduced shoreline erosion has potential to be classified as avoided loss of carbon that would have occurred without the created wetland. Avoided wetland loss preserves existing carbon stocks in soils, therefore mitigating assumed release of carbon from these habitats to the atmosphere as emergent wetlands convert to open water. Transition of emergent wetland to open water is often equated with erosion and redistribution of carbon which forms an important assumption within quantification of verified carbon units (Figure 1; Pendleton et al., 2012; Sapkota and White, 2019; Moritsch et al., 2021). The state of Louisiana’s Coastal Master Plan includes risk reduction and restoration projects that are projected to create or maintain 60,000 to 81,000 ha of tidal marshes over the next 50 years (CPRA, 2023b).
[image: Map of coastal Louisiana showing CRMS sites, land gain, and land loss. Yellow dots represent CRMS sites, blue areas indicate land gain, and green areas show land loss.]FIGURE 1 | Projection of 50 years future without restoration action, High climate change scenario (+2.5 ft of sea level rise) and 391 CRMS (Coastwide Reference Monitoring System – yellow circles) stations. Data sourced from CPRA (2023b) and CPRA 2023 Coastal Master Plan data.
Louisiana was estimated to contain 1.4 million ha of wetlands in 2016 and accumulate between 5.5 and 7.3 Tg C yr−1, accounting for 6%–8% of the global carbon accumulation in tidal marshes (Baustian et al., 2020b). The more than 700 km (linear) of Louisiana coastline includes the entire delta plain of the Mississippi River, with a watershed of ∼3.8 × 108 ha (Vörösmarty et al., 2000). The Mississippi River Delta receives the seventh-largest sediment discharge of any river globally, noting that construction of dams and a cessation of legacy land clearing have reduced sediment transport from 400 × 106 Mg yr−1 prior to the year 1900 down to a mean of 145 × 106 Mg yr−1 between 1987 and 2006 (Meade and Moody, 2009). Coastal Louisiana also includes the adjacent Chenier Plain, a separate geomorphological feature (Cheniers) with different vegetation structure that is strongly influenced by stranded beach ridges (Penland, 1990; Battaglia et al., 2012). Coastal Louisiana includes seven estuarine bays and four coastal lake systems with a variety of salinity regimes. Therefore, identifying viable pathways to credit coastal carbon across the broad range of geography, geology, and ecology within coastal Louisiana can provide knowledge and lessons that are relevant to the large number of GHG accounting mechanisms globally (Vanderklift et al., 2019). From a governance perspective, this geography has a strategic advantage since this range of ecosystems and large geography are all governed by the state of Louisiana, United States. Therefore, coastal Louisiana provides a substantial opportunity for tangible progress in pathways to apply, refine, or develop financially viable blue carbon standards and methodologies for tidal wetlands, including restoration and marsh creation actions. To assess the opportunity and progress towards realizing carbon credits from tidal wetlands, we brought together perspectives from state, federal, and international coastal managers as well as policy and scientific experts in the science and implementation of blue carbon projects through multiple verification standards. While initial conversations were conducted over many years, targeted discussions, review, and revision of this manuscript served to synthesize and clarify targeted knowledge needs that can maximize financial viability of blue carbon crediting of Louisiana’s tidal wetlands.
2 FUNDAMENTAL CHALLENGES OF ADDITIONALITY, PERMANENCE, AND LATERAL CARBON FLUX
A first-order requirement for accreditation of tidal wetland restoration for carbon credits is a foundational principle of offset projects called additionality. Additionality maintains that an offset credit is granted only to the extent that the associated amount of emission reduction or sequestration is beyond “business-as-usual” conditions (Murray et al., 2007). Also, it must be demonstrated that the activity as well as any reductions or removals associated with the offset credits would not have occurred in the absence of the incentive created by carbon credit revenues (VCS Standard, v4.4, 2023; ICVCM, 2023). Dynamic tidal wetlands, such as those in North America, dominated by herbaceous perennials have specific challenges in terms of additionality and permanence compared to woody mangrove-dominated wetlands with regard to blue carbon credit-issuing. For wetlands projects to meet additionaility requirements and move forward they must demonstrated that the actions are not required by law, statues, or regulations (Emmer et al., 2023, VMD0052, 2021, Mack et al., 2021). Clarifying additionality requires careful analysis of initial and ongoing funding programs in collaboration with granting agencies, landowners, and carbon market standards. Another uncertainty relates to the relationships between private, state, and federal accounting mechanisms. There are multiple GHG inventory processes, not all regulatory and not all international. Therefore, in some cases, it is appropriate and acceptable to have a unit of carbon reported into an inventory process (e.g. a state / private entity inventory or commitment to reach net zero emissions) at the same time as being part of a carbon offset salable on the open market. Logically, these credits are legitimately moving both the private company and the state towards net zero at the same time, and should not pose a conflict as they are accounted for independently, however this is yet to be tested.
Permanence in carbon accounting is based on the slow cycling of carbon between the atmosphere and terrestrial or aquatic reservoirs (Joos et al., 2013; Broekhoff et al., 2019). Although the length of time required for project life and monitoring varies, 100 years is commonly considered “permanent” for the purposes of offset verification (Verra, 2014; 2020; Emmer et al., 2023). A 100-year time frame is challenging in highly dynamic coastal deltaic systems such as the Mississippi River Delta. Coastal Louisiana has one of the fastest rates of coastal land loss globally, with a mean of 42.9 km2 land lost per year between 1985 and 2010, a rate that has been slowing as less emergent tidal wetland is available to subside and erode (Figure 1; Couvillion et al., 2013, 2017). Multiple factors contribute to this land loss including hydrological changes reducing sediment supply, hurricane disturbance and storms causing erosion, eustatic sea-level rise, and high subsidence rates, being 5–8 mm yr−1 over most of Louisiana’s saline and brackish wetlands (Applied Coastal Research and Engineering, 2021; CPRA, 2023a). Thus, relative sea-level rise rates are as high as 12 ± 8 mm yr−1 in some areas of the Mississippi River Delta (Day et al., 2000; Yuill et al., 2009; Bailey et al., 2014; Khalil and Raynie, 2015; Jankowski et al., 2017; Törnqvist et al., 2020) and 9–45 mm yr−1 at the mouth of the Mississippi River (CPRA, 2023a). Two major hurricanes in Louisiana in 2005 resulted in around 560 km2 of land loss (Barras, 2006; Piazza et al., 2011). Within carbon accrediting methodologies the risk of “reversal” (loss of captured carbon back to the atmosphere) is mitigated with buffer pools, for example, VM0033 uses the “non-permanence risk tool” to reduce the number of verified carbon units to insure against future loss (Verra, 2023a). Some methodologies, such as the blue carbon accounting model of the Australian blue carbon accounting method (Lovelock et al., 2021), provide the option to calculate carbon credits using either a 100- or a 25-year horizon (noting the large penalties for 25- year projects), which may be a practical approach for highly dynamic tidal wetlands.
Current, and recently retired, methodologies for blue carbon accreditation, including Verra methodologies VM0024, VM0033, and VM0007, focus on a project footprint, have strict assumptions disallowing credit for the stable fraction of allochthonous carbon, and discount some of the carbon that leaves the project footprint based on geomorphic setting (Needelman et al., 2018). Additional carbon sequestration in dynamic and transitional coastal and deltaic systems experiencing marsh “drowning,” habitat migration, and changes in sediment supply and salinity at a coastwide scale are particularly difficult to accommodate in a project for a coastal system as complicated as the Mississippi Delta. However, in Louisiana, the state level planning capabilities and high capacity science community are in place to make progress.
In addition to the carbon attributable to the creation of tidal wetlands, the avoided loss of wetlands holds potential to yield a much higher net GHG flux benefit than direct tidal wetland creation alone. While VM0007 includes avoided loss and can be applied to dynamic tidal wetlands, it is currently challenging to quantify what would have been lost without the project and therefore quantify the avoided emissions. One approach could be to use peer-reviewed process-based numerical modeling of geomorphology and hydrodynamics to justify the baseline case of future without project against which the impacts of the project can be compared. Such an approach needs to be tested against the standard. At present, protection or conservation of intact wetlands is approved through VM0007 and restoration or creation through VM0033. It would be possible to include creation and conservation within one application (that would be under VM0007) but would be complex and there are currently no such approved projects. Verra is working on transferring tidal wetlands modules from VM0007 into an expanded VM0033 bringing conservation of intact wetlands and wetland restoration together into a single set of procedures to aid project development. An example of this approach for terrestrial forest conservation and management is the Verra methodology for improved forest management using dynamic matched baselines from national forest inventories (VM0045; Shoch et al., 2022).
3 THE GLOBALLY LIMITED SUPPLY OF HIGH VALUE BLUE CARBON CREDITS
In 2021, over US$1 billion worth of voluntary carbon credits were traded on international markets totaling nearly 300 Tg of carbon dioxide equivalent (Forest Trends’ Ecosystem Marketplace, 2021). The vast majority of reported voluntary carbon credit transactions in 2021 were in the agriculture, forestry, and other land use categories based on above ground biomass production. Recognizing that demand for blue carbon credits exceeds current supply (Friess et al., 2022), Louisiana’s wetland restoration projects could contribute towards blue carbon credit supply within existing voluntary markets. Current estimates are that one hectare of Louisiana tidal marsh accumulates roughly the same amount of total soil carbon as 63–84 ha of an average forest. This is based on a mean forest soil carbon accumulation of 4.6 g C m−2 yr−1 (Mcleod et al., 2011) while Louisiana tidal wetland types accumulate between 289 g C m−2 yr−1 (long term estimate - 50 years) and 382 g C m−2 yr−1 (short term estimates - 10 years; Baustian et al., 2020a, 2021; DeLaune and White, 2012). In total, Louisiana tidal wetlands are estimated to accumulate carbon at 5.5–7.3 Tg C yr−1 (Baustian et al., 2020b). This high storage potential, as well as the rapid rate of loss of emergent marsh in coastal Louisiana and assumed associated loss of carbon stock, indicate that projects for building, and avoiding loss of, critical wetland habitat could have substantive influence on net carbon balances. Rapid transition from emergent tidal wetland to shallow open water raises a specific challenge for accreditation of blue carbon in coastal Louisiana (Figure 1). However, lack of data on the fate of carbon and the specific limitations of methodologies mean that blue carbon accreditation of tidal wetlands in Louisiana cannot currently be used to help meet these supply needs.
Uncertainties in social, governance, financial, technical, and scientific aspects of blue carbon projects have also limited the number of projects resulting in verified blue carbon units that can be traded (Macreadie et al., 2022). For tidal wetlands, the high cost of constructing restoration projects and monitoring project success or failure results in challenges to blue carbon accreditation due to limited financial incentives or benefits (Mack et al., 2021, 2022). Coastal Louisiana has the governance structures, technical background, and long-term ecosystem monitoring programs to address these challenges at a large scale (∼0.5 million hectares; Couvillion et al., 2016) with the potential to demonstrate and then operationalize marketable blue carbon from tidal wetlands.
3.1 Potential for coastal Louisiana to supply high value blue carbon credits through tidal wetland accreditation
There is an increasing incentive to identify and address the economic, scientific, legal, and regulatory impediments to implementing current, or developing new, standards and methodologies to increase the flow of blue carbon credits onto the voluntary market (Mcleod et al., 2011; Lovelock and Duarte, 2019; Macreadie et al., 2019, 2022; Friess et al., 2022; Sapkota et al., 2023). Implemented and planned coastal restoration projects in Louisiana have been estimated to build or maintain over 207,200 ha of emergent wetland (CPRA, 2017), with planned but not yet funded projects estimated to build or maintain a further 60,000–81,000 ha of tidal wetlands over the next 50 years (CPRA, 2023b). The state of Louisiana has the potential to supply high value blue carbon credits and has high incentive to generate revenue in support of coastal restoration or contribute to meeting net zero emissions targets. Decades of legislative and policy progress supporting blue carbon in coastal Louisiana provide a strong potential to realize this opportunity (Figure 2).
[image: Map of coastal Louisiana highlighting various restoration projects. Categories include structural risk reduction, ridge restoration, marsh creation, land bridge, diversion, hydrologic restoration, barrier island maintenance, and bank stabilization, each with distinct colors. A smaller inset map shows Louisiana's location in the U.S.]FIGURE 2 | Map of 2023 Louisiana Coastal Master Plan restoration projects. Data sourced from (CPRA, 2023b) and CPRA 2023 Coastal Master Plan data.
Currently, the largest revenue stream supporting coastal restoration in Louisiana is from the settlement of the 2010 Deepwater Horizon (DWH) oil spill, which allocated more than US$8 billion in one-time funds to the state of Louisiana (GCERC, 2016; DWH NRDA Trustees, 2017; Carruthers et al., 2020; Henkel and Dausman, 2020; The Water Institute, 2020). Much of this funding has, or will be, used to implement restoration projects within the current or previous iterations of the Louisiana Coastal Master Plan, but final allocation of DWH settlement funds will occur in 2031 (Henkel and Dausman, 2020; CPRA, 2023b). However, all currently known funding sources still fall more than US$20 billion short of the estimated US$50 billion required to implement the Coastal Master Plan for protection and restoration of coastal Louisiana (CPRA, 2023b). In February 2022, the Louisiana Climate Action Task Force adopted the Climate Action Plan (CAP), recommending strategies and actions to reduce GHG emissions to net zero by 2050 (Climate Initiatives Task Force, 2022). One of the strategies recommended in the CAP was the restoration and conservation of Louisiana’s tidal wetlands to maximize climate mitigation and adaptation goals (Climate Initiatives Task Force, 2022). Actions within that strategy include optimizing the carbon sequestration potential of Louisiana’s tidal wetlands through implementation of the state’s integrated coastal restoration plan, the Louisiana Coastal Master Plan.
Louisiana has developed a strong legislative and policy framework to progress accreditation and sale of blue carbon credits from coastal restoration (Table 1). Louisiana’s Coastal Protection and Restoration Trust Fund was constitutionally established in Louisiana’s state treasury to provide a dedicated, recurring source of revenue for the development and implementation of the state’s Coastal Master Plan through CPRA. Language was added to CPRA’s enabling legislation in 2009 specifically to address the potential generation of carbon credits from CPRA projects and ensure that any revenues gained from such projects were dedicated back to CPRA’s Trust Fund (Act 523, 2009 Regular Session of the Louisiana Legislature). This trust provides a mechanism for the state of Louisiana to manage funds from carbon credits and utilize them for future restoration activities, rather than those funds going into the state of Louisiana’s general revenue. Unlike most coastal areas, approximately 75% of the coastal zone in Louisiana is owned by private entities (Coreil, 1996). Ownership of the emissions reductions from blue carbon projects depend on who owns the land, the applicable regulatory scheme, and private contractual relationships. A 2010 law was enacted to provide that compensation for carbon credit is due to the landowner of the property where the sequestration occurred, with important exceptions (Table 1). First, the landowner can contractually assign revenues to another party and, second, the law exempts projects carried out and or sponsored by the Coastal Protection and Restoration Authority, in which case any revenue is the property of the state of Louisiana (Table 1). These clarifications provide a strong basis to determine ownership of revenue from blue carbon credits resulting from coastal restoration implemented by CPRA. Finally, the Louisiana Legislature authorized the Department of Agriculture and Forestry to act as the state’s primary agency for programs related to carbon sequestration or the reduction of GHG emissions from agriculture and forestry.1 This authorization did not extend to other land-use sectors and expressly reserved for CPRA the authority over “benefits, credits, or offsets derived from projects approved and undertaken” by CPRA.2 This legislation further supported the potential for the state of Louisiana to claim carbon credits for land created or preserved through coastal restoration projects (Table 1).
TABLE 1 | Legal and regulatory framework in the state of Louisiana, United States, favorable for programmatic and large scale blue carbon accreditation from restoration of tidal wetlands. Note that VCS methodologies are constantly being updated and major revisions are to be released in 2024–2025.
[image: Timeline chart displaying legislative actions related to coastal protection and carbon credit management from 2005 to 2023. Key actions include the establishment of the Coastal Protection and Restoration Authority (CPRA) in 2005, carbon credit regulations in 2010, development of VCS methodologies in 2014 and 2020, and updates to Louisiana's Master Plan in 2012, 2017, and 2023. Each entry lists the year, bill, provisions, exceptions, and implications, highlighting the evolving policy landscape for coastal restoration and carbon revenue management.]The State of Louisiana’s Climate Action Plan (CAP) recommended quantifying and monitoring the potential blue carbon in Louisiana habitats and developing a blue carbon market crediting mechanism. One path to achieve this goal is the development of an entirely new Louisiana-specific blue carbon accreditation system with an underlying standard and appropriate methodologies customized for the various habitat types in the state, most importantly herbaceous tidal wetlands. One potential challenge is the uncertainty of demand for a new or unique blue carbon credit. If there is not sufficient demand within the state, the international market would need to be convinced of the validity, reliability, and therefore value, of the carbon credits. A Louisiana blue carbon crediting mechanism could also include stacked, or stapled, benefits such as restoration projects that restore ecosystems to provide biodiversity, human benefits, and increased prevention of land loss. It could also help the state track and quantify its emissions and offsets in a manner aligned with its net zero emissions goals and other ecosystem maintenance goals. Another pathway could be to work through existing carbon standard programs, such as the Verra VCS, to expand application of, update, or amend existing methodologies. VM0033 is currently being updated, and the standard is considering some of the known challenges including carbonate consumption/production for its role in producing/consuming alkalinity and dissolved CO2. Given the large spatial scale and well developed legal and regulatory framework in coastal Louisiana, it is conceivable that a special case application of an established methodology (such as VM0033) may be feasible. One of the priority knowledge needs is a thorough investigation of these different policy pathways to determine the opportunities to reach a financially viable accreditation pathway for tidal wetlands in coastal Louisiana.
3.1.1 Targeted knowledge needs: legislative and policy

	1. As 75% of land is privately owned in coastal Louisiana and considering the state legislation around carbon ownership, establish potential investment pathways for purchasers of carbon credits, landowners, and opportunities to fund restoration implementation.
	2. To ensure regulatory additionality for projects with multiple funding sources, investigate which of the many current funding sources allow for resultant carbon to be certified for offsets.
	3. Investigate the opportunities to have a special application of current methodologies to the large scale of coastal Louisiana and/or the potential for methodologies, through regular updates, to better accommodate some of the unique challenges posed by tidal wetlands in coastal Louisiana.
	4. Assess the viability and opportunity of developing a new methodology under a current standard (such as the VCS) or development of a composite methodology under a new standard.
	5. Specifically consider the opportunity of a coastwide programmatic approach for blue carbon accreditation in coastal Louisiana utilizing the integrated protection and restoration planning within the state (Louisiana’s Coastal Master Plan).

4 DETAILS OF FOUR KEY SCIENTIFIC KNOWLEDGE NEEDS TO OPERATIONALIZE A FINANCIALLY VIABLE BLUE CARBON MARKET FOR COASTAL LOUISIANA
To be financially viable, quantifying and monitoring of blue carbon change over time will require cost-effective, efficient, and standardized protocols, including remote assessment of carbon and GHGs (Macreadie et al., 2019, 2022). Scientific consensus is becoming established on critical knowledge and data needs to reduce uncertainty in carbon storage and flux estimates (Mcleod et al., 2011; Holmquist et al., 2018; Lovelock and Duarte, 2019; Duarte de Paula Costa and Macreadie, 2022; Williamson and Gattuso, 2022). In one example, dozens of scientists from diverse disciplines developed a list of the top 10 priority research needs for blue carbon science (Macreadie et al., 2019). Similarly, the discussion below is framed from those aspirational priorities and describes how to apply them to the current governance and scientific context in coastal Louisiana. The four categories of key scientific knowledge needs are accreditation methodologies and standards, soil carbon flux, methane flux, and lateral carbon flux. These priorities have been developed over a decade of discussions amongst many of the authors of this article and others in the research, restoration, and coastal management community of the northern Gulf of Mexico and globally. They were clarified and synthesized in the development of this manuscript.
4.1 Apply, revise, or develop a standard and methodology based upon synthesized science knowledge to support financially viable accreditation
Coastal Louisiana has a strong legal and regulatory framework and baseline scientific data to develop the necessary crediting, market, standard, methodology, or verification mechanism, a major barrier to implementing trusted blue carbon markets (Pande, 2024). This includes almost two decades of effort focused on integrated restoration planning strongly built upon integrated coastwide monitoring (e.g., Coastwide Reference Monitoring System, CRMS), resource centralization (e.g., Coastal Information Management System, CIMS), and state agency centralization in restoration planning through CPRA. Additionally, there are ongoing updates to the Louisiana Coastal Master Plan and the Integrated Compartment Model (ICM), the numerical model on which it is based (Baustian et al., 2020a; Fischbach et al., 2021; White, 2021), as well as development of basin scale Delft3D numerical models for restoration project planning and implementation (Bregman et al., 2020; The Water Institute, 2022), and the refinement of the Land Use and Carbon Scenario Simulator (LUCAS) model (Liu et al., 2021) for coastal application. Carbon process and dynamics models have also been compared with regard to applicability for use in supporting carbon accreditation (Mack et al., 2023). Data synthesis and integration will need to continue to be the basis of developing the science and crediting framework supporting a Louisiana coastal carbon crediting methodology/standard. This will require an approach (including further building upon and developing current numerical and conceptual models) to quantify carbon in an ongoing regular (i.e., annual) cycle at a hectare scale. Due to critical uncertainties (and resultant highly conservative assumptions) in baseline projections for avoided loss, most projects moving forward through Verra, for example, are focused on revegetation rather than conservation or restoration of hydrological function.
Australia has approved a blue carbon methodology for attaining offsets or credits that is based on a calculation model that has simplified site assessment requirements (Lovelock et al., 2021). However, due to its broad geographic applicability the empirical model is still highly conservative, so may not address the critical uncertainties in quantifying carbon in coastal Louisiana. To achieve a more comprehensive and accurate assessment of net carbon flux at a hectare scale and maximize potential verifiable carbon units, previous process based numerical modeling efforts for coastal Louisiana will need further development and refinement. Opportunities for improvement include greater use of remote sensing data and empirical machine learning models to quantify carbon fluxes based on process-based hydrology, hydrodynamic, and morphology numerical models. While the coastwide ICM that underlies the Louisiana Coastal Master Plan has a 30 m × 30 m habitat grid, the salinity has compartments that are tens of kilometers in scale (White et al., 2017; White, 2021). Salinity is one of the more critical determinants of GHG flux estimates, particularly for CH4 emissions which are one of the largest sources of uncertainty in US coastal wetland GHG inventories (Holmquist et al., 2018). Therefore, the current resolution of the hydrology grid in the ICM model would not be sufficiently resolved to support progress towards a financially viable carbon accreditation framework due to high levels of uncertainty in primary input variables related to net GHG flux (such as salinity). The carbon accreditation framework would require incorporation of different model types to estimate and predict key parameters affecting blue carbon storage and flux in coastal Louisiana. Combining the strengths of numerical and empirical machine learning models can improve the accuracy and computational efficiency of blue carbon assessments, reduce uncertainties, and provide a more comprehensive understanding of carbon-associated coastal ecosystem processes. In addition, numerical modeling techniques can allow the application of spatially and temporally targeted local field measurements to estimate (or validate) carbon stocks and fluxes. Both process-based numerical modeling, machine learning, and remote sensing will be essential components of estimating the rate, and uncertainty, of change in carbon storage with and without restoration as well as estimating avoided loss through preservation and restoration actions.
A scientifically desirable and equitable approach is to have a network of control plots and matching criteria that can be used to quantify baseline emissions and removals in the absence of preservation and restoration actions and for numerical model validation. Coastal Louisiana has a comprehensive network of wetland monitoring sites (391 CRMS stations: Figure 1) that have well over a decade of baseline data. Targeted addition of metrics or refining protocols, if required, could ensure that this valuable monitoring network provides control data sites to specifically inform ongoing carbon quantification. The aim of monitoring to quantify baseline emissions and removals is a recent innovation in the VCM that has been integrated into methodologies for the restoration (Shoch et al., 2023) and improved management of terrestrial forests (Shoch et al., 2022) that could be applied to restoration and preservation of coastal wetlands. The main advantage of such an approach is that external factors impacting baseline emissions or removals—such as policy, markets, and climate change—are hard to predict in advance, and are better observed on a dynamic, real-time basis in control plots. Control plots could be monitored with a combination of remote sensing and periodic field measurements. For comparison, the Forest Inventory Analysis is maintained and updated every 5 years by the U.S. Forest Service and serves as the database for matching control plots under the new improved forest management methodology (Shoch et al., 2022). The existing CRMS network covering a variety of wetland types across the entire coast of Louisiana could be similarly leveraged for coastal restoration and preservation projects. This provides another example of how the strong scientific knowledge and monitoring data availability in coastal Louisiana can support progress towards large scale blue carbon accreditation.
4.1.1 Targeted knowledge needs: accreditation standards and methodologies

	1. Assess carbon flux at large spatial scale (basin and watershed) useful for national GHG inventories, based on LUCAS model output.
	2. Report on carbon storage potential coastwide for state of Louisiana GHG inventory, using the Louisiana Coastal Master Plan numerical model (ICM).
	3. Develop high resolution numerical models, based on ground-based monitoring, remotely sensed observations, and empirical machine learning models to reduce uncertainty in GHG flux estimates at a project, or programmatic, scale by refining available high resolution models such as the basin-wide Delft3D model (Meselhe et al., 2015; Baustian et al., 2018; Bregman et al., 2020).
	4. Inform carbon quantification and numerical model validation for blue carbon accreditation with historic and ongoing monitoring data collection (Hijuelos and Hemmerling, 2016; CRMS, 2023).
	5. Assess the potential of current, adapted, or additional standards and methodologies to provide financially viable coastwide Louisiana-specific blue carbon accreditation that incorporates best-available science.

4.2 Refining quantification of soil carbon lateral and vertical flux
Despite decades of research in coastal Louisiana ecosystems, the processes of soil carbon transport (lateral transport including flux during transition of emergent marsh to open water) and open-water sediment accumulation are not well-understood (Steinmuller and Chambers, 2019; Sapkota and White, 2020). In addition, there are gaps in the scientific understanding of shifting GHG balance with restoration activity (Mack et al., 2021). In the context of blue carbon accreditation, additional understanding through data collection can reduce uncertainty in establishing a geomorphologically relevant definition of permanence which is a critical component of carbon accreditation methodologies (Verra, 2014; Emmer et al., 2023). Changes in CH4 emissions are also an important component of permanence. For example, increasing temperature with climate change will exert an important influence on net CH4 fluxes through emergent marsh transitions (McTigue et al., 2021; Noyce and Megonigal, 2021). Almost all available accretion data are for emergent land, even though an increasing area of the coastal wetlands in Louisiana are shallow open water. Therefore, a better understanding of accretion and lateral transfer processes in submerging coastal wetlands (e.g., relict tidal swamp forests), submerged aquatic vegetation, and shallow bare benthos is required (see Lovelock et al., 2017). Current, or recently retired, carbon standards (VMD0050 module within VM0007) and common CH4 inventory methods used by U.S. Environmental Protection Agency (USEPA) assume that most or all soil carbon within the top 1 m is lost to the atmosphere when an emergent wetland converts to open water (Emmer et al., 2020; Baustian et al., 2023). These standards and methodologies also assume that carbon capture and storage are immediately regained to the level of a mature wetland when open water is restored to wetland habitat. While these assumptions may be mostly valid for surficial sediments occupied by the vegetation rhizosphere (Chambers et al., 2019; Wasson et al., 2019), they are unlikely to be valid for deeper sediment layers that may contain substantial buried wetland peat deposits accumulated over decades and centuries (Artigas et al., 2015; Rogers et al., 2019). Some studies of tidal wetland restoration projects indicate that carbon storage may take multiple decades before realizing soil carbon accumulation (e.g., Herbert et al., 2016; Murphy, 2020; Osland et al., 2020; Ledford et al., 2021). While there are indications that restoration of wetlands overall is positive for GHG mitigation (Kolka et al., 2021), uncertainties in key assumptions within current methodologies reduce the accuracy and reliability of net GHG flux quantification.
4.2.1 Targeted knowledge needs: soil carbon lateral and vertical flux

1. Conduct sensitivity analyses of key assumptions in net GHG flux calculations, including time scales and effect of management actions.
2. Improve assumptions of GHG flux (in particular CH4) across tidal wetland types through quantification accounting for salinity variability.
3. Refine assumptions of soil carbon loss (currently 75% below ground carbon down to 1 m) through quantification across tidal wetland types considering relevant physical inputs (exposure etc.).
	4. Improve quantification of open water, basin, lake, and channel carbon accumulation rates, using modern data and paleo evidence.

4.3 Improve methane flux estimates for variable salinity tidal wetlands
The financial viability of blue carbon projects in Louisiana’s coastal wetlands is currently limited by substantial uncertainties in the amount of CH4 emissions from these environments (Williamson and Gattuso, 2022). Depending on the time horizon used, CH4 has a global warming potential between 27.9 and 81.1 (100-year and 20-year) times higher than CO2 (Calvin et al., 2023). Because of this large climate impact, current standards for certifying blue carbon projects in wetlands (e.g., VM0033) require developers to either continuously monitor CH4 emissions or to estimate them using a verified and validated methodology (Verra, 2014). Continuous monitoring is prohibitively expensive, and several cases exist where blue carbon projects have been withdrawn from consideration due to uncertainties and knowledge gaps related to CH4 emissions (Mack et al., 2022). As such, there is a need for improved methods to accurately estimate CH4 emissions from variable salinity, tidal blue carbon ecosystems that do not rely on continuous direct monitoring.
Sulfate from seawater leads sulfate-reducing microorganisms to outcompete methanogenic microorganisms, resulting in reduced methane production. As a result, salinity has long been used as a proxy to estimate CH4 emissions in coastal ecosystems, with high rates of CH4 production at salinities <5 psu and low rates of CH4 production at salinities >20 psu (Poffenbarger et al., 2011; Holm et al., 2016; Holmquist et al., 2018). The current carbon offset verification standard for tidal wetland restoration, VM0033, allows project developers to use a default CH4 emission rate of 0.011 T CH4 ha−1 yr−1 where the average or low-point salinity is 18–20 psu, and 0.0056 T CH4 ha−1 yr−1 where salinity is ≥20 psu. However, no default emission rates are permitted for intermediate and brackish salinities (0.5–18 psu). Which characterize ∼50% of Louisiana’s coastal wetlands (Sasser et al., 2008), although CH4 emissions vary between vegetation types and are negatively correlated to salinity across ecosystem types, the overall predictive power of this relationship remains too low for the purpose of verifying blue carbon offsets at a project or sub-basin scale (Derby et al., 2022). A recent meta-analysis of 97 studies found salinity predicts only 23% of CH4 flux variance in saltmarshes at a global scale (Al-Haj and Fulweiler, 2020) although the methods used to quantify salinity varied greatly across this meta-analysis. Because of this, other environmental drivers and approaches for estimation are needed to improve predictions of CH4 emissions in coastal wetlands.
Besides salinity, both microbial CH4 production (methanogenesis) and consumption (methanotrophy) are affected by sediment porosity, the concentration and composition of organic matter, water saturation depth and duration, frequency of soil exposure at low tide, temperature, and pH. Many wetland soils produce CH4 in deep anaerobic horizons, but CH4 can be oxidized back to CO2 before being emitted (52%–81% of gross CH4 production; Megonigal and Schlesinger, 2002). Plant productivity and community composition play a significant role in wetland CH4 cycling by regulating the availability of organic carbon, oxygen, and ferric iron for soil microorganisms. Some wetland plant species drive CH4 emissions by directly transporting soil CH4 to the atmosphere through highly porous aerenchyma tissue, allowing buried CH4 to bypass methanotrophic microbes in the upper soil layers (Sutton-Grier and Megonigal, 2011; Villa et al., 2020; Derby et al., 2022).
A key approach going forward will be to develop, and utilize where possible, new approaches that combine abiotic, plant, and microbial datasets to generate predictions of wetland CH4 emissions. Previous research in terrestrial ecosystems has demonstrated that the influence of microbial community composition on carbon dynamics rivals in magnitude the influence of soil chemistry (Domeignoz-Horta et al., 2020, 2021; Raczka et al., 2021), and small-scale models of soil carbon which explicitly relate environmental data to assays of microbe-mediated processes have an improved ability to capture and predict carbon dynamics (Blagodatsky and Richter, 1998; Lawrence et al., 2009; Allison et al., 2010; McGuire and Treseder, 2010; Allison, 2012; Wieder et al., 2013; Wieder et al., 2015a; Wieder et al., 2015b; Fujita et al., 2014; Lehmann et al., 2020). Likewise, Earth system models that neglect plant-microbe interactions may be biased and underestimate modeled climate impacts (Zhu et al., 2017; Shi et al., 2019; Wang et al., 2023). Prior investigations in permafrost and peat soil ecosystems have demonstrated that CH4 flux can be accurately predicted by the quantification of gene transcripts for methyl coenzyme reductase A (mcrA) and particulate CH4 monooxygenase (pmoA), the respective key functional genes for methanogenesis and CH4 oxidation (Freitag and Prosser, 2009; Freitag et al., 2010). Others have demonstrated cases where microbial composition data provided significant explanatory power for soil CH4 emissions and other biogeochemical processes that cannot be captured by abiotic variables (i.e., temperature, redox potential, pH) alone (McCalley et al., 2014; Graham et al., 2016; Meyer et al., 2020), in one case improving statistical fit of modeled CH4 emissions by 47% (Godin et al., 2012; Graham et al., 2016).
These approaches have not been applied in tidal wetlands and have potential to reduce uncertainty in quantification of CH4 flux in tidal wetlands with variable salinity (Spivak et al., 2019). These novel methods, with their cost-effectiveness at scale compared to continuous measurement approaches, have the potential to substantially improve CH4 prediction accuracy while lowering cost. In turn, these methods would bolster the feasibility of blue carbon initiatives in wetlands that encompass brackish and intermediate salinity wetlands where using current assumptions leads to the conclusion that CH4 emissions exceed carbon sequestration benefits.
4.3.1 Targeted knowledge needs: methane flux

	1. Develop new and refined cost-effective proxies and models for CH4 emissions that are designed to leverage technology and databases for improved spatial and temporal resolution in highly salinity variable tidal wetlands across the salinity range 0.5–18 psu.
	2. Apply data analytics and machine learning tools to microbial community and abundance data, as has been done for terrestrial soil communities, to reduce uncertainty in CH4 flux estimates.
	3. Refine predictions of CH4 flux in salinity variable tidal wetlands to partition fluxes across tidal wetland types and spatial scales using eddy covariance measures, flux chambers, handheld sensors, quantification of microbial communities, and quantification of aerenchymatous wetland plants.

4.4 Quantify Particulate transport and dissolved lateral carbon fluxes including in shallow open water
Better quantification of particulate transport and lateral fluxes from tidal wetlands in Louisiana has high potential to reduce uncertainty in GHG flux estimates. Under current crediting mechanisms, it is assumed that 100% of the aboveground carbon is released back into the atmosphere as GHGs when wetland soils are eroded (Verra, 2014; Emmer et al., 2023). Some of the carbon, in both dissolved and particulate forms, may undergo lateral flux or be transported to adjacent estuaries, lakes, or offshore and may not be ultimately emitted back to the atmosphere. Outflow of dissolved inorganic carbon (DIC) and alkalinity into the coastal oceans surpassed burial by about 1.7 times in a subtropical mangrove ecosystem, establishing it as a substantial long-term carbon sink (Maher et al., 2018; Reithmaier et al., 2023). Quantifying the fate of particulate carbon lateral transport from emergent marshes and shallow open water areas is needed to reduce uncertainty in carbon accounting for carbon accreditation. Lateral flux of dissolved carbonate species and alkalinity to adjacent marshes and open water, especially across different salinity tidal wetlands (fresh, intermediate, brackish, and saline) still requires detailed quantification for carbon accreditation purposes.
Carbon fluxes occur laterally between wetlands and estuaries including dissolved organic carbon (DOC), particulate organic carbon (POC), and DIC which are commonly imported and exported through runoff and tidal flushing (Olefeldt and Roulet, 2014; Fouché et al., 2017; Mueller et al., 2023). A significant part of tidal wetland and estuarine carbon budgets is the lateral flux from coastal wetlands to estuaries, which is due mainly to tidal flushing. Estimates of total organic carbon (TOC; in both dissolved and particulate forms) exchange (per unit area of wetland) in coastal wetlands of the eastern United States were summarized by Herrmann et al. (2015), who calculated an overall average of 185 ± 71 g C per m−2 yr−1. Similarly, estimates of DIC exchange in eastern US coastal wetlands were summarized by Najjar et al. (2018), who calculated an overall average of 236 ± 120 g C m-2 yr-1. Lateral carbon flux has been identified as an important mechanism of carbon loss from terrestrial ecosystems (Bogard et al., 2020; Regnier et al., 2022). However, little is known about the influence of coastal wetland restoration on lateral carbon fluxes or their impact on carbon balance of the surrounding wetlands (Arias-Ortiz et al., 2021). The Verra methodology, VM0033, includes default factors for carbon preservation in depositional environments (CPDE) based upon published values, recognizing large variations within offshore locations, including along the northern Gulf of Mexico (Blair and Aller, 2012). A requirement of the Verra tidal wetland methodologies is to account for carbon that enters or leaves the project area. This creates complexity for quantifying smaller, individual projects in the landscape. This is particularly the case for projects in landscapes vulnerable to erosion, where sequestered carbon is at risk of reversal, and where carbon may be exchanged with adjacent wetlands. One possibility to address this is to consider a much larger project footprint for verification purposes, such as a basin or multiple basin scale. This could include either a single restoration or protection activity or a group of restoration and protection activities. In the case of the larger footprint, there is also the potential that emissions and removals may be accounted for more completely across the landscape as part of regional monitoring programs, reducing the cost of additional monitoring and improving the application of data from available long term monitoring efforts.
As Louisiana wetlands transition to open water, vertical fluxes from understudied ecosystems and lateral carbon transport or fluxes from all ecosystems within shallow open waters will become a larger component of quantifying estuarine carbon budgets. For example, submerged aquatic vegetation (SAV) are abundant in intermediate and fresh wetlands in Louisiana (Poirrier et al., 2017; DeMarco et al., 2018). However, this carbon pool and its contribution to net GHG flux has not been included in coastal carbon budgets for Louisiana, even though it is estimated to be as large as 6.4 ± 0.1 Tg Corg (Hillmann et al., 2020). Coastwide carbon accumulation in SAV, 0.3 Tg Corg yr−1 (Hillmann et al., 2020), is an order of magnitude lower than emergent wetland, 2.2 Tg Corg yr−1 (Hillmann et al., 2020) or 4.3–7.3 g TC yr−1 (Baustian et al., 2020b, 2021). However, in consideration of carbon accounting for accreditation at a hectare scale, SAV has potential to be a high percentage of the carbon pool in some locations (Liu et al., 2023b). The potential contribution of SAV with respect to lateral carbon flux within shallow water areas has also not been quantified. Long-term monitoring has been identified as a need to determine the role of intense, episodic forcing events such as hurricanes and tidal cycles on carbon dynamics across wetland-estuary ecosystems (Cao and Tzortziou, 2021; D’Sa et al., 2023). Advances in remote sensing techniques have a strong potential to help fill this data gap with higher spatial and temporal resolution as well as the opportunity to map the dynamics of these temporally and spatially variable carbon stocks (Mcleod et al., 2011; Liu et al., 2023a).
4.4.1 Targeted knowledge needs: lateral carbon flux

	1. Prioritize and improve net carbon flux estimates through increased accounting of lateral as well as vertical carbon fluxes.
	2. Investigate dynamic numerical modeling to track improved quantification of dissolved and particulate carbon lateral fluxes from, and into, tidal wetlands across a range of salinity regimes to refine estimates of carbon loss to the atmosphere when emergent wetlands transition to shallow open water.
	3. Include submerged aquatic vegetation (SAV) into coastal carbon budgets for Louisiana, through mapping and quantification of their role in lateral carbon transport and fluxes (accumulation, repository, and source), especially at the hectare scale to inform carbon accounting relevant to accreditation.

5 CONCLUSION
There are economic, ecological, and community benefits of maintaining tidal wetlands in coastal Louisiana. Large-scale ecosystem restoration is planned and coordinated through the Louisiana Coastal Protection and Restoration Authority (CPRA). CPRA leads prioritization, planning, and implementation of coastal risk reduction and restoration efforts, planning that extends out past 2050, assuming sufficient funding is made available. The state of Louisiana is also committed to reach net zero GHG emissions by 2050, as are many private companies that want to purchase high-value blue carbon offsets. The convergence of these needs present an opportunity for the benefits of blue carbon as a mitigation tool to meaningfully contribute to the prioritization of restoration actions within Louisiana’s Coastal Master Plan. This has potential dual benefits both to maximize climate change mitigation and to provide an additional funding stream to support implementation of coastal risk reduction and restoration. This would increase economic, ecological, and community resiliency in coastal Louisiana. Coordination and integration to reduce known scientific uncertainties with the revision or development of legal and regulatory mechanisms will be critical for accreditation of blue carbon to provide timely solutions to the challenges of coastal adaptation and mitigation. Coastal Louisiana has a long history of wetland science as well as systematic and large-scale ecosystem monitoring in parallel with decades of legislation on how to implement carbon accreditation of tidal wetlands. Even with this base of knowledge and experience, focused effort will be required to investigate and establish viable blue carbon accreditation pathways. This work identified twenty targeted knowledge needs that will address known data and knowledge gaps and can reduce uncertainty in key assumptions for quantifying net GHG flux at multiple spatial scales for accreditation of Louisiana’s tidal wetlands. Filling these knowledge gaps will need to be iterative, assessing the potential benefit (in terms of verifiable carbon units) of reducing uncertainty in a particular metric or updating a standard methodological assumption. Due to rapid loss of tidal wetlands and limited future funding for implementation of large-scale coastal restoration, the state of Louisiana has a strong incentive to generate carbon credits from the restoration of tidal wetlands. Given the size and ecological diversity of tidal wetlands in coastal Louisiana, progress made towards financially viable tidal wetland carbon credits in Louisiana will have strong potential for transfer to similar wetlands along the northern Gulf of Mexico and globally.
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Constructed levees are designed to protect anthropogenic developments from destructive flooding events, but their construction has reduced groundwater recharge, increased flood risk severity under levee failure, increased the incision of river channels, and deteriorated riparian habitat. To reverse these impacts, levee setbacks are often designed to reduce flood risk and provide the opportunity to restore ecohydrological function, while groundwater recharge is rarely considered because it may require relatively detailed groundwater system analysis. In this study, we evaluated 100 heterogeneous hydrogeology realizations to estimate recharge with high-conductivity pathways (HCPs) under varying flood flows for a range of levee setback distances to identify the trade-offs in groundwater recharge and floodplain habitat. We find that on a regional scale, total recharge potential increases with setback distance, with the largest gains up to 1,400 m where there are outcropping HCPs and sufficient flow to inundate more of the setback area. In contrast, the recharge per unit area (i.e., the average daily recharge divided by setback area) generally decreases as levee setback increases, but there are local increases in the recharge per unit area at 1,400 m where HCP recharge may sufficiently offset the larger area. There is a median 10%–40% reduction in peak streamflow with increasing setback distance, which would aid flood risk reduction, but the increased area leads to decreasing depth due to flow losses and increased spreading of flood water. Ultimately, the decision for levee setback distance will depend on local conditions and management goals, as we find that increasing recharge will reduce the floodplain depth necessary for ecosystem function. Our results highlight the opportunity to consider groundwater recharge benefits in levee setback feasibility studies in semi-arid regions impacted by floods and groundwater overdrafts so that setback distance designs can achieve integration of flood risk reduction, riparian habitat, and groundwater recharge.
Keywords: levee setback, groundwater recharge, aquifer heterogeneity, floodplain inundation, ecosystem function, flood management

1 INTRODUCTION
Levees are anthropogenic embankments constructed along a water course or river for flood risk reduction to prevent overflow of the river onto adjacent lands. Most levees constructed to date were designed to confine floods within a narrow, engineered floodway that blocked river access to its natural floodplain, resulting in deepening and accelerated flow through the leveed reach and decreased groundwater recharge, increased channel erosion, and reduced native species habitat (Chambers et al., 2023; Knox et al., 2022; Opperman et al., 2017). Many of these floodplain and water cycle functions have been further impacted by climate change in recent decades as the severity of floods and droughts has increased, which also reduces the effectiveness of traditional water management (e.g., canals and reservoirs) to capture, transfer, and store these extreme flows (Cayan et al., 2005; Swain et al., 2018). To reduce flood risk under an increasingly uncertain climate and to provide environmental benefits for riverine ecosystems, levee setback is a valuable tool that is increasingly adopted by flood managers, yet groundwater recharge benefits are seldom considered in the design stage of levee setback because designs are often guided by ecosystem and hydro-geomorphic functionality (Serra-Llobet et al., 2022; Smith et al., 2017).
While traditional flood risk reduction strategies have mainly focused on engineered control structures of river systems such as levees and reservoirs that were built based on a short streamflow record (less than 100 years), levee setbacks provide a more nature-based solution to flood risk reduction and in some ways a form of managed infrastructure retreat (Chambers et al., 2023; Klijn et al., 2018; Van Rees et al., 2024). Levees and reservoirs function best under the conditions of the design flow, but the extreme streamflows occurring today due to climate change are increasing the risk of infrastructure failure (Swain et al., 2018) and require the implementation of alternative flood management strategies such as levee setbacks. Levee setbacks can offer greater protection services by reconnecting the river with the floodplain, which offers greater floodwater conveyance on the floodplain, lower flood stages, and a reduced likelihood of overtopping levees or erosive failures (Dahl et al., 2017; National Research Council, 2013; Smith et al., 2017). A widened leveed reach can improve levee reliability and level of protection against climate change uncertainties and land use-driven changes in flood regimes (Chambers et al., 2024; Dierauer et al., 2012; Klijn et al., 2018). Levee setbacks reduce the exposure of levees (especially aging levees) and landward communities to flood hazards (e.g., extended and repeated periods of hydraulic loading with high river stages and high flow velocities) and are therefore considered an adaptive strategy for at-risk communities (Allan James and Singer, 2008; Cayan et al., 2005; Hui et al., 2018). The expanded floodplain created by levee setback also offers opportunities to rehabilitate levee-stressed aquatic and floodplain ecosystems that provide multiple benefits such as trapping suspended sediment, providing waterfowl habitat, or storing nutrients (Dahl et al., 2017; Gordon et al., 2020; Newcomer Johnson et al., 2016). Levee setback is typically done to increase flood capacity and to reduce risk at key points once levee failure, or a breach, has occurred at a river such that the design of levee setback for flood risk reduction depends on the required flood capacity increase necessary to significantly lower risk of levee failure (Dahl et al., 2017). However, opening the river corridor to allow more widespread flooding during extreme events can also create groundwater recharge benefits that are often neglected in the planning and design phase of levee setbacks.
In many arid and semi-arid regions, river seepage is the main recharge source for alluvial groundwater systems (Blasch et al., 2004; Jasechko et al., 2021; Morin et al., 2009; Watson et al., 2021). The same is true of rivers traversing aquifer systems that have been depleted due to overpumping. Widening the inundated floodplain through levee setback could, therefore, result in additional groundwater recharge (Dahl et al., 2017; Smith et al., 2017), which can provide both natural and human ecosystem benefits (Sommer et al., 2001). Levee setback allows opening the straightened, leveed river (which is often also reduced in length) to a larger area and frequent flooding, a process that is one type of flood managed aquifer recharge (Flood-MAR), where river flood waters are managed and directed to recharge opportunities such as dedicated recharge basins, agricultural fields, or floodplains (Dahlke et al., 2018; Levintal et al., 2023; Niswonger et al., 2017). However, more research is needed to understand the amount of groundwater recharge that can be achieved through levee setback, particularly the levee setback distance needed to unlock areas of high recharge potential, including historic river channels of the meandering river within the former river floodplain that could be filled with coarse sediments (Marchand et al., 2022). This is particularly relevant because floodplains, even when overlying major aquifer systems, tend to be relatively low in permeability as primarily finer-grain sediments are deposited overbank in the lower energy reaches of rivers except for river channel deposits from previous meanders of the river before levees were added. As shown in previous work (Fleckenstein et al., 2006; Niswonger et al., 2008), however, aquifer heterogeneity can result in locally high recharge rates beneath floodplains that need to be accounted for in estimating potential recharge benefits.
To address both rising flood risk and growing groundwater overdraft, levee setbacks and intentional groundwater recharge could provide valuable water management options to both increase water security and reduce damage from floods. Groundwater recharge from levee setbacks may be an important mechanism to address chronic groundwater overdrafts, especially in groundwater-dependent regions experiencing unprecedented drought conditions where users increasingly rely on already-burdened aquifers (Taylor et al., 2013). Flood-MAR is one method to increase recharge that has been rising in popularity because of more extreme streamflow events expected with climate change that, if diverted, would reduce downstream flood risk and provide large volumes of water for recharge (Kocis and Dahlke, 2017). Intentional recharge would help prevent overdraft in recharge-limited basins, but implementation is currently limited by the availability of high recharge potential sites, access to flood waters, and proof of other benefits, including ecosystem services, to name a few (Fuentes and Vervoort, 2020; O’Geen et al., 2015; Perrone and Rohde, 2016). Flood-MAR has been successfully demonstrated to increase groundwater storage and reduce depth to groundwater for urban and agricultural groundwater pumpers, but ecosystem return-flows may take decades to appear (Kourakos et al., 2019), and any seasonal habitat formed will be relatively homogeneous (floodplain with minimal vegetation or topographic variability) (Opperman et al., 2017). Limited research on floodplain restoration has estimated how levee setbacks could influence groundwater recharge in the widened floodplain. Yoder (2018) found an upward shift in the relationship between groundwater recharge and discharge, indicating that levee removal increased recharge, but results were limited by a lack of groundwater data from pre-restoration conditions (Yoder, 2018).
In recent years, research on groundwater recharge has shifted to include the effect of subsurface heterogeneity on recharge potential (Gottschalk et al., 2017; Maples et al., 2019; 2020; Parsekian et al., 2014; Rodriguez et al., 2021). However, little research exists on the effect that subsurface heterogeneity has on the floodplain recharge potential in levee setback areas (Serra-Llobet et al., 2022; Smith et al., 2017). Aquifer heterogeneity and specifically the existence of high conductivity pathways in the subsurface (Fogg 1986) can result in higher recharge rates at specific locations and faster transport of recharge water through the aquifer system (Maples et al., 2019); thus, if present in a levee setback area, they would increase recharge. A high conductivity pathway can be visualized as a coarse grain sediment (e.g., sand and gravel) deposit surrounded by lower conductivity sediments where the sand and gravel deposits may interconnect, thus supporting fast paths for water flow underground. These high conductivity pathways can be identified with geophysical surveying and well driller logs to delineate their boundaries and may have outcrops at the land surface that increase the likelihood of recharge from floodplain inundation to reach the saturated zone below (Goebel and Knight, 2021; Gottschalk et al., 2017). Thus, levee setbacks designed to maximize groundwater recharge should include some of these surface outcrops to be effective (Maples et al., 2019; Rodriguez et al., 2021).
Levee setback may be one of the solutions for joint flood risk reduction and drought resilience if the groundwater recharge benefits can be quantified. However, the effectiveness of groundwater recharge from levee setbacks has not yet been quantified in detail because it depends on the combination of setback distance and subsurface geology, among other hydraulic and hydrologic site characteristics. Most previous studies have estimated the levee setback distance based on flood risk (e.g., after a levee breach occurred) due to changing channel geometry and associated flood damage cost, with Zhu et al. using true optimization to estimate the costs and benefits of flood control decisions over long periods under changing economic and climatic conditions (Dierauer et al., 2012; Guida et al., 2016; U.S. Army Corps of Engineers USACE, 2012; Zhu et al., 2007). In this study, we quantify the floodplain inundation depth and recharge potential from high conductivity pathways (HCP) connecting the land surface to the aquifer for a range of levee setback distances and subsurface geologic representations to determine the setback distance that provides an optimal compromise. Specifically, this study explores the trade-offs between groundwater recharge potential and floodplain inundation depth for 100 realizations of the subsurface hydrogeology, three flood types, and varying levee setback distances that range from 200 m to 3,200 m.
2 METHODS
2.1 Study area
This study is conducted along the lower Cosumnes River in California, United States. The Cosumnes River (watershed area of 2,460 km2, with elevations between −1 m near the confluence with the Mokelumne River and elevations up to 2,400 m above mean sea level [amsl] at its source in the Sierra Nevada Mountain range) is one of the few unregulated rivers remaining in California and of high importance to maintaining environmental flows and natural habitat for native anadromous fish such as trout and salmon (Whipple, 2018). The river channel is fairly incised, as it is 3–6 m below the adjacent ground surface elevations on the landward side of the levees and naturally high banks that confine the river on both sides. The farmland on both sides of the river is generally leveled for agricultural production, such as vineyards, alfalfa, miscellaneous grain and hay, and corn, but locations where the levees breached in recent history may have slight mounds in the fields. In the middle reaches of the model domain to the south of the river is the town of Wilton, which consists of low-density housing mixed with lands in agricultural production.
As the river is unregulated, it is dependent on winter precipitation and limited snowfall (2002–2022 average total annual precipitation in the watershed was 603.7 mm), which is converted to runoff and limited baseflow in the upper watershed to supply streamflow in the dry season, as the majority of the lower Cosumnes River is losing flow to the groundwater system. The river is a flashy system during precipitation events, which can lead to extreme streamflows (the 5-year flood is ∼640 m3/s, and the 20-year flood is ∼1,100 m3/s), but the dry season tends to see flows between 1 and 10 m3/s at the Michigan Bar stream gauge with the lower reaches drying out entirely in dry years. Deer Creek is a tributary that parallels the Cosumnes River and joins it approximately halfway down the modeling domain. It is estimated to produce flood flows at approximately 14.7% of the stream gauge at Michigan Bar (Whipple, 2018, p. 20). Deer Creek is not represented independently, as it is encompassed by the larger levee setbacks such that it would be part of the main conveyance with levees removed. For this study, a 20 km by 46 km area along the lower Cosumnes River was chosen to study the groundwater recharge potential for different levee setback distances to align with the extent of a geologic model developed for the area (Figure 1).
[image: Map showing the Cosumnes River area in California. Features include watershed extent, model extent, levee setback, and stream channel cross-sections. An inset indicates the river's location in California. A scale bar shows 10 kilometers.]FIGURE 1 | Map overview of the model domain (rectangle) used for regional analysis showing the maximum levee setback distance of 3,200 m. Black lines show cross-sectional areas established every 2 km along the river that identify 2 km stream reaches used for estimating floodplain inundation extents and depths.
The hydrogeology underlying the Cosumnes River is primarily an alluvial aquifer consisting of the Laguna Formation, which comprises a heterogeneous mix of silt, clay, sand, and gravel that extends approximately 100 m below ground (Bulletin No. 118–3 Evaluation of Groundwater Resources Sacramento County, 1974). The Laguna Formation is pumped by both domestic well users and agricultural producers with wells in the study area that range in depth from approximately 50–100 m (Well Completion Reports, 2020). There are several other lower water-yielding geologic formations underlying the Laguna Formation that dip westward from the Sierra Nevada Mountain range. Directly under the Laguna Formation is the Mehrten Formation, which consists of interwoven tuff-breccia and andesitic sand and clay layers that extend to a depth of 450 m below ground and are pumped by municipalities and limited agricultural producers (Bulletin No. 118–3 Evaluation of Groundwater Resources Sacramento County, 1974).
The lower Cosumnes River area was chosen because it is a river that has been narrowly confined by levees, resulting in disconnected floodplains that historically would have provided groundwater recharge. Now, the aquifer system needs to be recharged due to the loss of floodplain recharge and increased groundwater pumping. Previous research on river restoration, river habitat, and groundwater modeling conducted along the river have highlighted the importance of groundwater management and floodplain restoration (Fleckenstein, 2004; Frei et al., 2009; Jeffres et al., 2008; Moyle et al., 2003; Whipple et al., 2017). In addition, Rodriguez et al. (2021) developed a high-resolution geostatistical model of the hydrogeology of the lower Cosumnes River alluvial aquifer that is used in this study to explore locations of high recharge pathways (Figure 2).
[image: Three geological models depict the Cosumnes River area, showing different material distributions: gravel, sand, sandy mud, and mud. The models illustrate high conductivity pathways, highlighted in red. Each model varies slightly in material arrangement, emphasizing spatial variability over a 46 km by 20 km area. Legends indicate material types and dimensions.]FIGURE 2 | Example realizations of the geostatistical model on the left with local representations of the coarse facies that create high conductivity pathways.
2.2 Hydrogeologic model and high conductivity pathways
TPROGS (Transition Probability Geostatistical Software) (Carle, 1999; Carle and Fogg, 1996) was used to create 100 equally probable heterogeneous realizations of the geology within the lower Cosumnes River Corridor as shown in Figure 2 (see Rodriguez et al., 2021 for details on geostatistical model inputs and outputs). The geostatistical model used in this article is a spatially extended version of the model developed by Rodriguez et al. (2021) and covers an area of 20 km × 46 km, ranging in vertical depth from 80 m above to −80 m below mean sea level. The geologic model was built based on geologic data from 1,249 well completion reports that were categorized into four hydrofacies, aquifer materials with distinct characteristics: mud, sandy mud, sand, and gravel. TPROGS was used to calculate the transition probabilities between facies (i.e., the probability that a cell will be a different facies given a distance from the current cell) for the model domain, and mean lengths (i.e., the typical length of a connected hydrofacies unit that is not the background unit) were supplied as geologic model input from a previous geologic analysis (Table 1). The geologic model was not constrained to the local geologic data to avoid creating zones of artificially high or low conductivity that are specific to local conditions. This variability among realizations presents a wider range of geologic possibilities to review under levee setback conditions and creates realizations that have equal chances of having HCPs in all river reaches.
TABLE 1 | Hydrofacies definitions with their corresponding physical attributes that make the aquifer materials distinct. Mean lengths are used to inform the geologic model, and the vertical conductivity is used in the recharge calculation.
[image: Table showing hydrofacies details: Gravel has a mean length of 1300 m in x-direction, 450 m in y-direction, 3.9 m in z-direction, volumetric proportion of 0.06, and horizontal conductivity of 345.60 m/d. Sand has 1100 m in x, 450 m in y, 4.1 m in z, 0.2 proportion, and 129.60 m/d conductivity. Sandy mud has 800 m in x, 350 m in y, 6.7 m in z, 0.16 proportion, and 21.60 m/d conductivity. Mud is a background with a proportion of 0.58 and conductivity of 0.56 m/d.]The horizontal hydraulic conductivity for the four hydrofacies was taken from a previous numerical modeling study of stream–aquifer interactions along the Cosumnes River listed in Table 1 (Fleckenstein et al., 2006). The recharge potential calculation in this study is conducted at the land surface using the first 4 m of geology so that the interconnected coarse facies, with a mean length of 4 m, should remain high conductivity. Meanwhile, the disconnected coarse facies are more likely to include a mud or sandy mud, which will decrease the hydraulic conductivity. A vertical anisotropy, the ratio of horizontal to vertical conductivity of 100, was applied to the horizontal conductivity near the land surface to account for the clogging of the soil zone and for the structural anisotropy introduced by the meandering sand and gravel units that act as high conductivity pathways (HCPs) for water into the aquifer. The hydraulic conductivity values with a vertical anisotropy aligned with previous estimates of streambed conductivity and were found to range from 0.008 m/day to 1.74 m/day for reaches with lengths ranging from 500 to 1,500 m (Niswonger et al., 2008) (Table 1).
The 100 geostatistical realizations were applied to understand the regional variability in HCPs, composed of the sand and gravel hydrofacies, connecting from the ground surface to the aquifer below within each levee setback distance. The location of HCPs was determined by applying a connectivity software (CONNEC3D) to the 100 hydrogeologic realizations, which identifies the cell faces of the coarse facies (i.e., sand and gravel) that connect to each other to identify the unique connected bodies that form high conductivity pathways (Pardo-Igúzquiza and Dowd, 2003). The connected cells with sand and gravel facies were then filtered to select those that connected vertically from the ground surface to the bottom of the model boundary (80 m below mean sea level). The maximum depth to the water table for the upper aquifer (i.e., Laguna formation) in the Cosumnes River basin typically varies at approximately 30 m; hence, choosing pathways that connect the land surface to the bottom of the model domain would ensure a connection from the land surface to the water table in the first aquifer. As such, the connectivity analysis identified the continuous pathways of the high conductivity facies that are likely preferentially used for the flow of water during groundwater recharge (Maples et al., 2019). The numbers of connected HCP cells at the ground surface within a given levee setback distance were then counted to calculate the available area of HCP cells for each stream reach and setback distance scenario (e.g., 200 m–3,200 m) (Supplementary Figure S1).
2.3 Levee setback scenarios and floodplain inundation
For this study, levee setback distances ranging from 200 m to 3,200 m in increments of 200 m were chosen to represent the setback possibilities between the current river location (and existing levees) and a wider floodplain. A levee setback distance is measured with a perpendicular line from the edge of a stream cell outward in 200 m steps to match the discretization of the geologic model. These setback distances were chosen to test different floodplain widths and associated floodplain inundation depths and their potential overlap with high conductivity pathways that could promote increased groundwater recharge. While levee setbacks may increase the probability of inundating outcrops of high recharge pathways within the floodplain, these outcrops must be inundated during flood events to transfer flood waters from the surface to the aquifers below. River channel cross sections were sampled from a 10 m USGS digital elevation (DEM) from the channel center to a distance of 3,200 m in both directions perpendicular to the channel center line. The cross sections were sampled at a 200-m longitudinal interval to align with the model grid and were subset to every two river kilometers to avoid overlap (shown in Figure 1). The USGS DEM data were collected between 2017-12-01 and 2018-04-24 when the average daily flow was 24 m3/s; thus, the primary channel was covered with water, and the cross sections do not include the inset river channel, which will result in an overestimate of flood inundation and depth. However, this overestimate will be diminished during large flood events (e.g., 597 m3/s).
To estimate floodplain inundation extents and depths, we estimated the effective inundation depths for each levee setback distance using flood hydrographs based on a flood regime typology study that was conducted for the Cosumnes River by Whipple et al. (2017). Whipple et al. (2017) identified seven characteristic flood regime types for the lower Cosumnes River, using a 107-year-long daily flow time series, to characterize the median peak discharge, event duration, time to peak flow, and flood frequency as criteria. In this study, we use the metrics developed by Whipple et al. (2017) to create triangular synthetic hydrographs on a daily scale as input for the floodplain inundation simulations of the different levee setback distances (Whipple et al., 2017). The flood types used in this study for the inundation simulations are Very Large floods (Type 1), Large and Long floods (Type 2), and Long and Late floods (Type 3) (Figure 3). These flood types were chosen because the Very Large, Large and Long, and Long and Late floods were associated with multiple winter storms producing a major streamflow event, and all Very Large storms were connected to an atmospheric river event over the period of record. Daily peak flows for the three flood types were 597 m3/s, 300 m3/s, and 57 m3/s (15%, 36%, and 53% of the annual expected probability, respectively), and their durations were 90 days, 35 days, and 15 days, respectively. The flood types used in this analysis required peak flows to rise above the average winter baseflow of 23 m3/s to ensure sufficient saturation of the main channel streambed and adjacent floodplain (Whipple et al., 2017). In addition, this study assumed that levees have sufficient height and channels are wide enough to prevent overtopping.
[image: Graph A shows flow rates over days with three labeled lines: Type 1 (Very Large) in purple declining steeply, Type 2 (Large and Long) in black with a moderate slope, and Type 3 (Long and Late) in orange with a shallow slope. Graph B depicts elevation against distance from the river center, with various colored lines for cross-sections and flow types, highlighting changes in elevation with distance.]FIGURE 3 | Characteristics of the three flood regime types (Whipple et al., 2017) used in this study to estimate the potential groundwater recharge under different levee setback distances (A). Example stream channel cross section showing the three flood types and corresponding flood elevations to demonstrate how the inundated area is impacted by flow (B).
The effective inundation depth was estimated along each cross section using Manning’s equation, whereby the channel slope, cross-sectional area, wetted perimeter, and hydraulic radius were informed with the cross-sectional elevation data (Equation 1). The longitudinal slope of each 2-km river section was used as Manning’s slope, while Manning’s roughness coefficient was estimated from literature values for a sandy channel with moderate vegetation, as can be observed in the floodplain of the lower Cosumnes River.
[image: Equation depicting flow rate \( Q \) as \( Q = vA = \left(\frac{1.0}{n}\right)AR^{\frac{2}{3}}\sqrt{S_o} \), labeled as equation (1).]
where
[image: Please upload the image or provide the URL, and I will help you generate the alternate text.] = Flow rate (m3/s)
[image: It seems there is an issue with the image upload. Please try uploading the image again, and I will be happy to help with generating the alternate text.] = Velocity (m/s)
[image: Please upload the image you would like described, and I will create the alt text for you.] = Area (m2)
[image: Please upload the image or provide a URL, and I will generate the alt text for you.] = Manning’s roughness coefficient (−)
[image: Please upload the image or provide a URL so that I can generate the alternate text.] = Hydraulic radius (wetted area/wetted perimeter) (m)
[image: Please upload the image or provide a URL for me to generate the alternate text.] = Channel slope (m/m) over each 2 km stream reach
The flood elevations calculated for each cross section were applied to the 200 m × 200 m grid cells in the groundwater recharge model surrounding the lower Cosumnes River to create flood elevation maps that were then compared against the terrain representations in the geology model to determine the percentage of a cell that would be inundated during a flood event. The average flood depths (i.e., inundation depths) estimated for each of the three flood regime types were used to calculate the vertical hydraulic gradient for the groundwater recharge potential calculation done with Equation 2.
2.4 Floodplain recharge potential
The floodplain recharge potential was calculated on the model grid cell level as the inundation depths varied on the cell-by-cell level due to variations in land surface elevation and the vertical hydraulic conductivity of that model cell. The groundwater recharge potential was calculated for the 100 hydrogeology realizations to evaluate the impact of a range of high conductivity pathway outcroppings in the floodplain on groundwater recharge potential. The focus of the groundwater recharge potential is to identify the trade-offs in total recharge and recharge per unit area (i.e., recharge efficiency) with levee setback distance. Thus, a simplified groundwater system is assumed, which allows comparing recharge amounts under different levee setback distances assuming a thick unsaturated zone where a rising groundwater table does not impede vertical recharge.
The floodplain inundation depths were used to identify cells with >10 cm of inundation depth, that is, cells with substantial inundation beyond the local topographical variability, and these cells were used to calculate recharge potential (Equation 1). The flux of water into the aquifer depends on the vertical hydraulic conductivity of the hydrogeology, the inundation depth (i.e., hydraulic gradient), and the thickness of the clogging layer in the streambed. This relationship is important as a larger setback distance might increase the number of HCP cells activated for recharge but reduce the hydraulic gradient because of shallower inundation, such that the total recharge might be reduced. Groundwater recharge rates were estimated based on the inundation depth estimated for each day of the triangular hydrographs of the three flood types (90 days [Very Large floods], 35 days [Large and Long floods], and 15 days [Long and Late floods]) and then summed up for the event using the 1D vertical Darcy equation, assuming saturation of a near-surface clogging layer, that is, soil zone (Equation 2).
[image: Equation showing heat transfer rate, \( q_z = -k \left( \frac{h_{\text{flood}} - h_{\text{hot}}}{b_{\text{eff}}} \right) \), labeled as equation (2).]
where [image: Please upload the image or provide a URL for which you would like alt text generated.] is the vertical Darcy flux (m/d)[image: Please upload the image or provide a URL so I can generate the alt text for you.] is the vertical hydraulic conductivity of the stream bed (m/d)[image: Mathematical notation showing "h" with the subscript "flood".] is the head of flood water in each river cell (m above mean sea level)[image: The image shows the lowercase letter "h" followed by the subscript "bot".] is the head at the bottom of the stream bed (m above mean sea level)[image: The text "b" with the subscript "sat" written in a mathematical style.] is the thickness of the stream bed (m), which is assumed to be 2 m
3 RESULTS
3.1 Groundwater recharge potential
For each setback distance and hydrogeology realization, Figure 4 summarizes the HCP areas available for recharge, assuming there are no limitations on water availability; that is, the entire floodplain area within the levees is inundated. The box plots show the variability in HCP area for the 100 hydrogeology realizations for a given levee setback distance.
[image: Box plot showing the variation in area versus setback distance in meters. Each box represents data distributions at distances from 200 to 3500 meters, with medians, quartiles, and outliers marked along the vertical axis ranging from 0 to 10 square meters.]FIGURE 4 | Box-whisker plots of high-conductivity pathway area added by each setback distance to show the range of results for the 100 hydrogeologic realizations. Blue boxes indicate the interquartile range as defined by the 25th and 75th percentiles. Green lines show the median, and black horizontal bars show the outlier limits, which are 1.5 times the interquartile range beyond the 25th and 75th percentiles of the HCP area across all 100 realizations.
The HCP area added by each levee setback versus the setback presented in Figure 4 shows that there are local maxima (e.g., 600 m and 1,200 m) and minima (e.g., 800 m and 1,400 m). It indicates a steadily increasing relationship between total HCP area and setback distance. As suggested by the interquartile range of each box plot, the HCP area is largest at the 600 m and 1,200 m setback distances, which correspond to the mean length of the coarse facies in the transverse and parallel directions of the river when accounting for the 200 m grid cell size. The local maxima are setback distances where the most gains in HCP area per setback distance occur. Therefore, at these distances, the groundwater recharge potential would be maximized. However, the existence of HCP areas does not guarantee inundation of these areas during flood events because peak flows during the three tested flood types (Type 1, Very Large; Type 2, Large and Long; and Type 3, Long and Late) need to sufficiently spread into the floodplain to inundate HCP areas for longer periods of time to induce recharge (Figures 5A–E). Next, we looked at the inundation of the floodplain within each levee setback distance and for each hydrogeology realization to estimate the inundated HCP areas and the recharge per unit area resulting from the three flood types.
[image: Top left shows a map with vertical hydraulic conductivity values. Top right presents a graph comparing setback distances for three types. Panels B, C, G, and H show depth maps with color gradients. Panels D and E display recharge maps with varying values. Images F, I, and J illustrate further depth variations. Each map includes a color legend for interpretation.]FIGURE 5 | Vertical hydraulic conductivity for one of the 100 hydrogeologic realizations for a levee setback distance of 1,200 m (A). Inundation depth of the floodplain simulated for the Large and Long flood type (Type 2) for a levee setback distance of 600 m (B) and 1,200 m (C). High conductivity pathways activated by the floodplain inundation and their total recharge amounts for a levee setback distance of 600 m (D) and 1,200 m (E). Inundated fraction of the setback area by levee setback distance for the median of the hydrogeologic realizations. Inundated fraction of the setback area by levee setback distance for the median of the hydrogeologic realizations (F). Maps of flood depths at peak flow averaged across the 100 realizations. Results are shown for the two remaining flood types, Type 1 Very Large floods and Type 3 Long and Late floods, for the 600 m (G, H) and 1,200 m (I, J) setback distances, respectively.
For the 600 m setback distance, the total HCP area was 21% of the total setback area, but the inundated HCP area only accounted for 6% of the total setback area under the Large and Long flood type (Figures 5A–E). However, the HCPs accounted for 77% of the median 79 million cubic meters (MCM) of total recharge potential within the setback area. For the 1,200 m setback distance, HCP areas likewise covered 21% of the total setback area, but the inundation fraction was only 4% likely because many of the HCPs outcropped at farther distances from the channel and higher elevations that would require extreme flows to inundate. The median total recharge increased to 124 MCM as more land was accessible within the 1,200 m setback distance for recharge to occur, albeit at slightly reduced inundation depths. The recharge fraction that occurred through HCPs decreased slightly to 73%, which is consistent with the decrease in inundated HCP area for the 1,200 m setback distance. For the upper reaches of the Cosumnes River, the floodplain inundation is mostly limited to areas adjacent to the river channel, while the middle and lower reaches show inundation further away from the channel with larger inundation depths. As shown in Figures 5A–E, most of the inundated HCP areas occur in the lower reaches of the Cosumnes, leading to greater recharge rates.
Inundation simulations were conducted for the three flood types (Type 1, Very Large; Type 2, Large and Long; and Type 3, Long and Late). The 1,200 m setback distance had median inundation fractions of 18%, 11%, and 3%, respectively, while under the shorter setback distance of 600 m, there was a slight increase to 23%, 14%, and 4% (Figures 5B, C, G–J). The smaller setbacks have greater inundation fractions because the flow volume is spread over a smaller setback area.
The majority of floodplain inundation occurs in the lower third of the domain where the river has historically connected to the floodplains due to an absence of levees or levees with lower heights, which reduced channel scour and enabled sediment exchange between the channel and floodplain (Florsheim and Mount, 2002). The spatial distribution of floodplain inundation is consistent between the Very Large and Large and Long flood types, while the Long and Late flood type shows inundation in zones where the depth was already deep for the larger flood types. Figures 5B, C, G–J also show major inundation areas in the lower reaches where historically there have been levee breaches during extreme storm events such as a 58-year flood event in 2017, which reached a peak instantaneous flow of 1,407 m3/s, and in areas where floodplain restoration allows for connection of the Cosumnes River with the floodplain during smaller flood events (Whipple, 2018). This larger spatial extent of inundation in the lower reaches leads to the larger inundated HCPs shown in Figures 5B, C, G–J, where most of the recharge occurs. The greater occurrence of inundated HCPs in the lower Cosumnes River is supported by historical records as groundwater elevations are higher in regions of the lower Cosumnes River where more floodplain inundation occurs, although it has not been previously demonstrated that recharge is driven by HCPs.
However, HCP inundation and the amount of recharge that occurs vary depending on the setback distance. In some cases, the variation can result in an asymmetric distribution of recharge within the floodplain (Figure 5F). The impacts of increased setback distance on flood depth are most noticeable in the lower reaches where the 600 m setback distance results in floodplain inundation on both sides of the channel, but the 1,200 m setback distance is no longer able to inundate parts of the left bank floodplain as there are lower elevation floodplains on the right bank that take most of the flow.
The inundated fraction of the floodplain decreases with increasing setback distance because the setback area increases with each setback distance, and the inundated area decreases as flow is lost to recharge. As a result, higher elevation areas are excluded from inundation. The inundated fraction of the setback areas for all three flood types has a consistent declining pattern but shows a clear offset at the starting point (zero setback distance) as the larger flood flows result in the greater initial inundated area due to their larger overall flow volumes and peak flows. For the three flood types, the inundated fraction varies between 56% and 27% for the 0 m setback distance (i.e., current stream channel bound between the levees), after which it declines steeply to between 19% and 3% at a setback distance of 600 m. This decline can be explained by the fact that the first 200 m and 400 m setbacks expand out of the leveed, incised channel into the historic, larger floodplain of the river. After 600 m, there is a slower decline in the inundated fraction. However, at a setback distance of 1,400 m, there is an increase in inundated fraction likely because the floodplain has a low elevation but not incised region (e.g., backfilled river arm) that is readily inundated without requiring large inundation depths.
3.2 Balancing total recharge and recharge efficiency
Comparing the three flood types, we observe a similar pattern of total recharge potential for each setback distance, although the magnitude of the recharge achieved decreases from Type 1 to Type 3 as the flow volume available for recharge is largest for Type 1 and smallest for Type 3 floods. The total recharge potential under the Type 1 and 2 floods shows an increasing trend for levee setback distances ranging between 0 m and 800 m, followed by an increase in slope for setback distances ranging between 800 m and 1,400 m before leveling off (Figure 6). The Type 3 flood recharge increases more moderately with an increase in levee setback distance. The most pronounced increase in recharge for flood Type 3 can be observed for the levee setback distances ranging between 800 m and 1800 m before leveling off. The fact that the maximum recharge occurs at larger setback distances, despite diminishing inundation fraction, is further illustrated in Supplementary Figure S4, which shows a histogram of the maximum recharge achieved under the different setback distances and flood types. However, the optimal setback distance to maximize recharge also depends on flood type, whereby for smaller floods, maximum recharge is achieved at smaller setback distances because the smaller floods lack the flow to inundate the floodplain under the larger setback distances (Figure 6).
[image: Box plots showing total recharge in million cubic meters (MCM) versus setback distance in meters, divided into three types. Each plot displays data dispersion and outliers, indicating a trend of recharge values changing with distance.]FIGURE 6 | Total groundwater recharge potential under each levee setback distance scenario and flood type. Results are shown for the 100 hydrogeology realizations and the three flood types (Type 1 - Very Large, Type 2 - Large and Long, and Type 3 - Long and Late). Note the difference in the scale of the y-axes.
The recharge per unit area (i.e., recharge efficiency) is the average volumetric recharge rate divided by the total area within the setback distance. Not surprisingly, the recharge efficiency is greatest for a setback distance of 0 m (Figure 7). This is because it has the smallest setback area, so the total recharge with respect to the setback area is large. Because a levee setback project will go beyond 0 m to reduce flood risk and create riparian habitat, it is reasonable to evaluate the benefits among the larger setback distances. When disregarding the smaller setback distances, recharge efficiency peaks at 1,400 m across all flood types and at 800 m for the Type 3 Long and Late flood types (Figure 7). These maxima in recharge efficiency at greater setback distances are likely influenced by the fact that HCPs tend to outcrop more frequently at larger setbacks (e.g., 600 m and 1,200 m) in our 100 hydrogeology realizations such that there may be larger increases in recharge to offset the greater setback area.
[image: Box plot comparison illustrating recharge per unit area by setback distance in meters, with three plot groups labeled Type 1, Type 2, and Type 3. The recharge rate generally decreases as the setback distance increases.]FIGURE 7 | Recharge per unit area (m/day), which is the total recharge divided by the total area within each setback distance. Please note the log scale on the y-axis.
3.2.1 Effect of setback distance and recharge on streamflow reduction and floodplain depth
Inundating more HCPs during flood events not only promotes greater recharge but also leads to a reduction in streamflow along the course of the river. For the Cosumnes River, we observe that streamflow is significantly reduced in the downstream sections of the river, where most of the floodplain inundation and recharge through HCP areas occur (Figure 8). Loss of streamflow to recharge is further increased at larger setback distances due to less topography in the lower Cosumnes reaches, allowing more HCP areas to inundate and recharge.
[image: Graphs display peak flow, fractional reduction, and floodplain depth versus upstream distance for three types, comparing Seback distances of 800 meters and 1400 meters. Lines indicate varying patterns, with a color gradient legend representing Seback distances from 400 to 3200 meters.]FIGURE 8 | The column on the left has a subplot of the peak flow for each cross section for each flood type, and the gray lines represent the median for the 100 realizations for setbacks 0–3,200 m. On the right-hand side, the average depth during the flow event is plotted for the median across realizations.
The recharge to the aquifer demonstrably reduces the channel discharge that is routed to downstream river reaches, also resulting in a reduction in stream stage and maximum inundation depth in downstream riparian areas. Under the 1,400 m setback distance, the average flow reduction in peak flow across the 100 hydrogeologic realizations is 24.4% (±7.4%) for the Type 1, Very Large; 30.8% (±9.7%) for the Type 2, Large and Long; and 34.3% (±10.1%) for the Type 3, Long and Late flood events (Figure 9). Meanwhile, under the 800 m setback distance, peak flow is reduced by 16.7% (±5.7%) for the Very Large, 21% (±7.6%) for the Large and Long, and 29% (±13.3%) for the Long and Late flood type (Figure 9).
[image: Three pairs of line graphs represent Types 1, 2, and 3 data. The left graphs display peak flow against upstream distance, with individual realizations, quartile ranges, and median lines. The right graphs show fractional reduction or floodplain recharge with the same parameters. Each set shows gradual increases in peak flow and varying recharge or reduction rates over 48 kilometers.]FIGURE 9 | Streamflow discharge and recharge achieved at peak flow for each flood type across all 100 realizations under the 1,400 m levee setback.
4 DISCUSSION
4.1 High conductivity pathways vs. inundated area
The HCP analysis demonstrates a periodicity in the relationship of HCP areas available under each levee setback distance that appears to align with the mean lengths of the coarse facies on a regional scale (i.e., the typical length of a connected hydrofacies unit that is not the background unit). Through transition probability geostatistical analysis, Rodriguez et al. (2021) estimated the mean lengths of the coarse facies to be 450 m in the x-direction and 1,100 m for sand and 1,300 m for gravel in the y-direction (Rodriguez et al., 2021), which align with the largest HCP areas achieved under the 600 m and 1,200 m setback distances (Figure 4). This suggests geologic information such as mean lengths can better inform recharge projects as they are indicators of the outcropping of HCPs. Further study of other alluvial aquifers with different mean lengths or geological models where mean lengths are artificially adjusted using similar analysis procedures as presented here could be useful to identify the strength of the influence of the mean lengths on the relationship between HCP area and setback.
In terms of recharge management, the volume of flood flow available will be a limiting factor in achieving recharge in HCP locations located at a greater distance from the channel. Often, elevation increases away from stream channels, requiring greater flow volumes to reach and inundate HCP areas further away from channels, making them unlikely to flood. These effects may be more pronounced in zones with steep topography as outcrops of coarse facies may be located on hills where they are unlikely to be inundated except under the largest flood flows.
4.2 Recharge benefit trade-offs
The setback distances with the maximum recharge by realization tend to occur at 1,400 m, 2000–2,200 m, and 3,000 m for the Type 1 and 2 floods, with the addition of 800–1,000 m for the Type 3 flood (Supplementary Figure S4). The range of higher setback distance suggests that the increases in the inundated area due to setbacks bring in more recharge despite reduced flood depth. However, the occurrence of maxima at 800–1,000 m for flood Type 3 shows that in some realizations, a lack of flow availability means that fewer HCPs are activated at the greater setback distances. Unlike the maximum total recharge, the maximum recharge per unit area of floodplain is largest at a setback distance of 0 m but also has local maxima at 800 m and 1,400 m setback distances. This contrast in total recharge and recharge per unit area is a result of decreasing recharge efficiency with setbacks due to less flood depth and a smaller inundated area (Figures 5B, C, G–J). Therefore, determining the optimal levee setback distance for recharge and floodplain inundation will require a balance of recharge efficiency and total flood volume available for floodplain inundation. Additionally, as the levee setback distance increases, there is often a significant flood risk reduction benefit, and the cost of rebuilding the levee is reduced as it can be built with reduced sinuosity; thus, the increased land cost may be offset. In our study, the 800 m or 1,400 m setbacks may be optimal due to maxima in recharge at those distances indicating local increases in efficiency.
The proposed levee setback distances are on the higher end of setbacks that are typically implemented due to land availability and cost but fall within the range of setbacks identified by literature when considering multiple benefits. A comparison of levee setback alternatives in Hungary found setbacks of 1,500 m and 2000 m were the best practical alternatives to balance benefits to flood risk reduction, floodplain habitat, project cost, and population impacts (Guida et al., 2016), while a study of flood risk reduction on the Mississippi identified distances of 1,000 m and 1,500 m when combined with property buyouts within the floodplain (Dierauer et al., 2012). These setback ranges align with the scale of the groundwater recharge setback results, but the flood risk reduction and population impacts (e.g., buyouts) will vary by regional characteristics. For example, the Cosumnes River area has a large fraction of agricultural land that might be more reasonably purchased to create levee setbacks and potentially smaller flood events, which would require smaller setbacks to achieve flood risk reduction. Therefore, the Cosumnes River setback results suggest that groundwater recharge benefits require greater setback distances than those for flood risk reduction. Evaluating recharge potential under different flood types further allows assessing the trade-offs between the area needed to access HCPs and the availability of flow for natural floodplain processes; thus, the decision between setbacks with maximum recharge benefits will depend on the needs of the local riparian ecosystem for inundation depths and frequencies (Yarnell et al., 2022).
Floodplain inundation and recharge were simulated for the entire lower Cosumnes River as the geologic model was designed for larger scale analyses, but floodplain inundation occurred predominantly in the lower portion of the model domain where smaller elevation changes dominate the floodplain, thus leading to larger inundated areas (Figures 5B, C, G–J). These lower reaches of the Cosumnes River also have higher groundwater elevations (e.g., 5–15 m below ground) due to more frequent flooding. The recharge potential estimated in this hypothetical study assumed a thick unsaturated zone that did not account for rising groundwater levels; thus, in reality, elevated groundwater levels would reduce recharge in wet years.
Total recharge potential steadily increases with setback distance because it enlarges the area for recharge and access to HCPs. However, the increase in recharge potential varies significantly with setback distance, as the inundated floodplain fraction depends on the elevations within each setback and the HCP area (Figure 6). The Long and Late flood type shows less recharge potential increases with greater setback distance as there is smaller peak streamflow that has a smaller inundated floodplain fraction. While there is more flow availability under the Very Large and Large and Late flood types, these flood types have a 15% and 36% probability of occurrence in the Cosumnes watershed and, therefore, a lower probability of resulting in substantial recharge. Because of their low occurrence frequency (every 6.7 years or 2.8 years), the Type 1 - Very Large and Type 2 - Large and Long floods could also lead to a loss of riparian ecosystem function under greater setback distances, as some species might require more frequent flooding for their survival. The benefit of the Long and Late flood, which occurs every 1.9 years, is that one can expect the floodplain habitat to be active every other year, which would create consistent habitat availability for riparian ecosystem species, specifically the Fall-run Chinook salmon that would greatly benefit from increased food availability (Jeffres et al., 2008; Takata et al., 2017). Focusing on smaller but more frequently occurring flood events for selection of a setback distance would reduce the recharge of the larger flood types but would bring benefits such as increased flow availability for fluvial geomorphological process within the expanded channel (Florsheim and Mount, 2002), increased variability in habitat types created between years (e.g., greater depths when larger flows are available and smaller depths in average years), and leave more flow in the channel for managed aquifer recharge projects that divert flow from the floods.
4.3 Streamflow reduction and inundation limits
This study also highlights that floodplain activation by flood waters and inundation depth depends on the overall floodplain topography and that large elevation differences between the river channel and the setback area can inhibit access to HCP areas in the floodplain (Figure 9). A 2D hydrodynamic surface water model would be needed to fully assess the issue of floodplain topographical connectivity with setback distance on a local scale (10–100 m), but with the 1D approximation used in this study, we represented larger dynamics (1–10 km) involving the interplay of inundation depth and loss of streamflow due to recharge. The uniform flow approximation in this study may overestimate the inundation depth of floodplain areas far from the main channel by assuming instantaneous connection when it takes longer for flow to arrive at far areas. A 2D flow model would better represent inundation depths at further distances from the main channel where flows may come from overbank flooding, resulting in smaller initial stages that persist longer due to potential confinement. Inundation depth decreases with increasing setback distance for all three flood types because the flood volumes are spread over larger areas. However, floodplain topography, in combination with a larger setback distance, can, in some cases, increase access to lower floodplain elevations, as shown in Figure 9. For example, the 800 m setback has greater inundation depths than the 1,400 m setback for most stream reaches, with one exception occurring at an upstream distance of 10 km under the Large and Long flood type, likely because the additional setback to 1,400 m opened access to lower elevations (Figure 9). A water manager reviewing these options would need to balance the cost of increasing setback area to increase recharge and floodplain habitat such that if the main goal of the project was to maximize recharge and restoration, then the 1,400 m setback distance would be the more optimal choice.
Rivers in Mediterranean climates have winter flood flows that vary interannually and tend to have native species adapted to survive extreme flood events, while non-native species are more likely to see population declines (Kiernan et al., 2012). The larger levee setback distances, which have greater recharge rates but also greater peak flow reductions, could decrease the severity of winter storms for riparian ecosystems and may ultimately benefit non-native species that depend on more static conditions. In this study, we observed that the mean reduction in peak flow was most pronounced in the most frequent flood type, with an increase in streamflow reduction from 17% to 29% for the 0 m–1,400 m setback distances (Figure 9). These smaller flow events typically drive the winter baseflow in Mediterranean climates (Yarnell et al., 2022), so the reduction in peak flow is beneficial if the loss to recharge leads to locally elevated riparian groundwater elevations that increase baseflow through winter and spring.
The setback distances identified for the lower Cosumnes River in this study that balance groundwater recharge potential, efficiency, and floodplain inundation were 800 m and 1,400 m, respectively. However, these setback distances are larger than distances previously implemented in setback studies focused on flood risk reduction and habitat restoration (Smith et al., 2017; Stofleth et al., 2007), suggesting that studies looking to incorporate recharge need to consider a larger floodplain area. The median total recharge potential predicted with an 800 m setback under the Large and Long flood type, 99 MCM, would be sufficient to offset 84% of the groundwater pumping for irrigation (118 MCM) in the groundwater basin to the north of the Cosumnes River (South American Subbasin Groundwater Sustainability Plan, 2021; Section 2), highlighting that regional scale levee setback would reduce groundwater overdraft. The scale of potential recharge to regional groundwater pumping and to peak streamflow supports the inclusion of groundwater recharge benefits into levee setback feasibility studies that previously ignored recharge or considered recharge an ancillary benefit (Smith et al., 2017; Van Rees et al., 2024).
4.4 Future work
The goal of this research was to understand the interplay of floodplain recharge and inundation with levee setback distance in heterogeneous aquifers under geologic uncertainty. We acknowledge that our study is, in large part, a theoretical exercise that compares 100 different hydrogeologic realizations of the subsurface to investigate access to high recharge potential zones in the floodplain of levee setbacks. However, it is unknown which of the 100 hydrogeologic realizations is a true representation of the subsurface heterogeneity of the lower Cosumnes River alluvial aquifer. The setback analysis was completed on a regional scale because the hydrogeologic realizations created with a geostatistical model (TProGs) represent aquifer pathways and heterogeneity on a regional scale due to the spatial density of geologic data. As high-resolution geophysical surveying data become more readily available, it could be applied to a proposed levee setback site to identify local aquifer pathways and heterogeneity that are necessary to identify the optimal setback distance for groundwater recharge. Existing geophysical methods such as SkyTEM (i.e., equipment flown by helicopter) could provide reference on a regional scale for where to begin investigating, but it is tow-TEM (i.e., equipment towed behind an all-terrain vehicle) that records high-resolution data in the horizontal and vertical directions that would be ideal for identifying local HCPs (Goebel and Knight, 2021; Pepin et al., 2022). In addition, the extent of levee setback may be limited by infrastructure or high land costs; the impact of these factors will depend on local conditions, such as the value of land in agricultural production. Future work should perform an economic analysis of the joint flood risk reduction, ecological, and groundwater recharge benefits while considering the costs of restoration, such as land value and channel reconstruction.
5 CONCLUSION
In conclusion, our modeled results suggest that the location of high conductivity pathways in the floodplain influences the setback distance of maximum groundwater recharge potential due to the interplay of setback distance, opened floodplain area, and floodplain inundation depth. For the lower Cosumnes River, California, we found that 800 m and 1,400 m levee setback distances maximize groundwater recharge while providing floodplain areas that decrease flood depths and increase spatial flood extent with increasing setback distance. Total groundwater recharge under the optimal setback distances (800 m and 1,400 m) sufficiently reduces peak flow under the median of the 100 hydrogeologic realizations tested in this study, such that there are likely beneficial flood risk reductions for neighboring lands. The decision of the optimal setback will depend on the outcomes desired by local water managers, such as larger inundation depths to create floodplain habitat for aquatic species like Chinook salmon or increased spatial extent of floodplains for migratory birds with increased recharge. The groundwater recharge and peak flow reduction due to levee setback are large enough that they should be incorporated in levee setback design to optimize recharge benefits when feasible.
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Multi-functional urban green infrastructure (GI) can deliver nature-based solutions that help address climate change, while providing wider benefits for human health and biodiversity. However, this will only be achieved effectively, sustainably and equitably if GI is carefully planned, implemented and maintained to a high standard, in partnership with stakeholders. This paper draws on original research into the design of a menu of GI standards for England, commissioned by Natural England—a United Kingdom Government agency. It describes the evolution of the standards within the context of United Kingdom government policy initiatives for nature and climate. We show how existing standards and guidelines were curated into a comprehensive framework consisting of a Core Menu and five Headline Standards. This moved beyond simplistic metrics such as total green space, to deliver GI that meets five key ‘descriptive principles’: accessible, connected, locally distinctive, multi-functional and varied, and thus delivers 5 ‘benefits principles’: places that are nature rich and beautiful, active and healthy, thriving and prosperous, resilient and climate positive, and with improved water management. It also builds in process guidance, bringing together stakeholders to co-ordinate GI development strategically across different sectors. Drawing on stakeholder feedback, we evaluate the strengths and weaknesses of the standards and discuss how they provide clarity and consistency while balancing tensions between top-down targets and the need for flexibility to meet local needs. A crucial factor is the delivery of the standards within a framework of supporting tools, advice and guidance, to help planners with limited resources deliver more effective and robust green infrastructure with multiple benefits.
Keywords: green infrastructure, nature-based solutions, standards, planning policy, climate change adaptation, accessible greenspace, multifunctionality

1 INTRODUCTION
Urban areas face increasing challenges from climate change, including floods, heatwaves, and droughts (Díaz et al., 2024). A key response involves using Nature-based Solutions (NbS): actions to protect, restore, create or sustainably manage natural, semi-natural or manmade ecosystems to tackle societal challenges, with benefits for both biodiversity and people (Cohen-Shacham et al., 2019). In urban areas, this includes the use of Green Infrastructure (GI), a network of natural and semi-natural features which is planned and managed to provide multiple ecosystem services and benefits for people and nature. GI can play a key role in climate change adaptation, particularly by helping to provide flood protection, shade and cooling, alongside wider benefits such as climate mitigation, air and water quality regulation, and green space for recreation (Choi et al., 2021). Additionally, there is substantial evidence that GI has a positive influence on health and well-being (Lovell et al., 2020), and that investing in GI can enhance equality of access (Hunter et al., 2019) and quality of life (Jerome et al., 2019).
However, poorly planned and implemented GI may not deliver these benefits sustainably and effectively. Both quantity and quality of GI are important. For example, low quality green roofs consisting of a thin layer of sedum matting provide limited rainwater absorption or insulation and may die off during droughts and heatwaves (Smith and Chausson, 2021). The process of designing GI is critical; for example, failure to include local stakeholders can result in inequitable outcomes (Derickson et al., 2021).
Standards and guidelines to ensure GI effectiveness have been developed in several countries, but are of mixed quality (Roghani et al., 2024). Guidelines often focus on specific challenges such as climate resilience (Klemm et al., 2017) or heat mitigation (Pereira et al., 2024), or specific issues such as community engagement (Everett et al., 2023), but there is a lack of frameworks covering the full breadth of GI planning issues. Previous literature reviews have compiled theoretical guidance on good GI (e.g., Monteiro et al., 2020) but have not been translated into practical standards for implementation at the national level. This diverse, dispersed and incomplete guidance creates confusion and extra work for hard-pressed planners and practitioners.
This paper describes the development and initial evaluation of an integrated set of GI standards for England, although the process, principles and issues encountered are also applicable to other countries. It presents ‘action research’ in which academics work closely with practitioners and policymakers in an iterative process to co-develop, test and refine solutions to societal challenges (Croeser et al., 2024). In this case, the research was in response to government policy and was driven by Natural England, an independent government agency tasked with helping to conserve, enhance and manage the natural environment in England for the benefit of present and future generations, working in partnership with academics, consultants and stakeholders. In the remainder of this introduction, we explain the policy background driving development of the GI standards in England, set out the challenges being addressed by this study, and explain the aim and structure of the paper.
1.1 Policy drivers for development of GI standards for England
The United Kingdom Government recognizes the role of green infrastructure for delivering key environmental and social commitments on human health and wellbeing, climate change adaptation and mitigation, and nature recovery. This was reflected in the commitment to develop a set of GI standards for England in the 25 Year Environment Plan (HM Government, 2018); the other devolved United Kingdom nations set their own environmental policy. Later policies reinforced this commitment, including the HM Government (2021), the Outcome Indicator Framework (Defra, 2023) and the Environmental Improvement Plan (HM Government, 2023). These policies aimed to ensure that people would have access to high quality, accessible, natural spaces close to where they live and work, particularly in urban areas, and to encourage more people to spend time in green spaces to benefit their health and wellbeing (HM Government, 2018; page 28) and social benefits; this has been embedded further in the 2024 updates to the NPPF (see para 159). This includes the need for safe and accessible urban GI to enable and support healthy lifestyles, especially where this would address identified local health and well-being needs, including the provision of allotments for growing healthier food, playing fields for active recreation, and green travel routes to encourage walking and cycling (DLUHC, 2023b; para 96c).
The rationale for developing GI standards was to encourage more investment by explaining what “good” GI looks like (HM Government, 2018; p76). Multi-functional outcomes are at the heart of this promise, mentioned in both the 25 Year Environment Plan and the NPPF. Government envisages GI as a “network of multi-functional green and blue spaces and other natural features, urban and rural, which is capable of delivering a wide range of environmental, economic, health and wellbeing benefits for nature, climate, local and wider communities and prosperity” (DLUHC, 2023b; Annex 2). These benefits include managing climate change risks by absorbing surface water and reducing high temperatures, as well as sequestering carbon, absorbing noise, improving air and water quality, and delivering Nature Recovery Networks of connected biodiverse habitats. Government also recognises that the distribution of urban greenspace is a factor in addressing social inequalities, deprivation and community cohesion, accepting that people in greener surroundings have longer and healthier lives (see Smith et al., 2023 for a summary of the evidence).
GI is also noted in the National Adaptation Plan (NAP), which explains the government’s plans to adapt to climate change to 2028, especially regarding the resilience of the United Kingdom’s infrastructure (Defra, 2024c; Defra, 2024d). Within the NAP, standards are expected to play a role in boosting climate change resilience across multiple sectors including road, rail, energy, food safety, buildings, water use efficiency, water quality, agriculture, and the health service. Similarly, the Environmental Improvement Plan covers standards for air and water quality, sustainable farming, safety, and green finance. The GI Standards accordingly line up alongside standards in many other sectors, aimed at delivering United Kingdom government policy commitments on climate change adaptation, net zero carbon, biodiversity loss, pollution, infrastructure security, and scarcity of land and water resources. Looking across these policy drivers and related standards, some important themes emerge: resilience, consistency, alignment of approaches and data within and between sectors, resource management and the security of infrastructure.
1.2 Challenges in development of GI standards
Development of standards requires decisions on three key aspects: what to measure, how to measure it (in terms of metrics, data and methods), and what level the standards should be set at. For GI, the standards need to cover quantity, quality, and the planning process. Delivering a minimum quantity of GI is a particular challenge in the United Kingdom, where high annual housebuilding targets and tight council budgets are placing pressure on both maintenance of existing green spaces and delivery of new ones. The 25 Year Environment Plan recognises this challenge, noting that the number and condition of green spaces has declined, and current investment is limited. It highlights the risk of losing good quality green spaces to urban development, while acknowledging that this development means that preserving and creating green spaces in towns is more important than ever. The tussle with growth is highlighted again within the NPPF (and the 2024 consultation on planning reform), which urges a significant uplift in the average density of residential development where land is in short supply. This makes it harder to include GI within these more compact developments.
The GI Standards need to respond to these external pressures and tensions in the context of the discretionary English planning system, which can permit development that has the potential to incrementally degrade (or enhance) GI assets at both a very local and more strategic scale. A key role for GI standards is, therefore, to help manage public expectations by creating confidence, consistency and certainty for developers and communities on both the quantity and the quality of GI expected in urban areas. However, this desire for consistency creates a further conflict with the need to respond to local needs, constraints and context (Zuniga-Teran et al., 2019).
This issue is not confined to a United Kingdom context. Globally an ongoing debate on the use of GI standards highlights the merits of a standardized approach for delivering continuity, but acknowledges that the application of standards is malleable due to variations in focus on specific ecological features or amenities in each location, the calculations of areas of facilities, site composition and perceived management (Lee et al., 2014). Additionally, there are questions around the applicability of different metrics such as proportions or areas of GI, and distance or time to access GI in different contexts (Dinand Ekkel and de Vries, 2017).
1.3 Aim and structure of the paper
As this paper describes an iterative, ongoing process of action research, in which the design of the standards continuously evolved in response to research findings and user feedback, it is not structured around a simple linear progression from pre-determined research questions to methods, results and discussion. Instead, we address the overarching question of how to develop a comprehensive and coherent menu of standards that can support planners and practitioners with limited time and resources to deliver more effective and robust GI with multiple benefits, taking into account the practical challenges, tensions and trade-offs discussed above. We illustrate this by describing the development of standards as part of a wider GI framework in England and evaluating their effectiveness through user feedback.
Accordingly, in the Methods section we first summarise the process of developing the overall GI Framework. We then show how the principles developed as part of this framework were used to inform development of the GI Standards by determining “what to measure”. This was underpinned by research to review existing tools, standards and guidance and collate them into a single framework, updating as needed, that covers GI quantity, quality, and the planning process. We also describe how the standards were continuously evaluated and refined with feedback from users. The Results section then addresses the question of “how to measure” by describing the system of standards that was developed. As part of this, we show how the standards evolved through “action research” in response to the ongoing process of consultation, critical evaluation and user feedback. Detailed descriptions of the standards can be found in the Supplementary Information.
Finally, in the Discussion we assess the overall strengths of the standards, summarise the extent of their uptake in local and national policy to date, and discuss key challenges. In particular, we focus on determining “what level the standards should be set at” in view of the tensions and trade-offs between top-down and locally adapted standards. We also consider the way forward, including how to facilitate implementation of the standards.
2 METHODOLOGY
2.1 Development of the GI framework
Development of the standards is part of a wider programme of research and development towards a national framework for GI. Natural England began to develop the GI Framework of Principles and Standards for England in 2018, working closely with the Department of Environment, Food and Rural Affairs (Defra, 2024b) and a cross-government steering group (Dundon et al., 2019). The aim was to develop a voluntary suite of principles, standards and tools designed to support practitioners at all stages of GI development.
The development of the GI Framework (including the standards discussed in this paper) followed a participatory and evidence-based process (Table 1). Natural England started by undertaking a horizon scanning exercise, followed by workshops with a GI Project Advisory Group comprised of relevant practitioners and experts representing 35 GI-related organisations, to identify the future drivers of GI. This led to a series of evidence reviews covering the factors determining the health and wellbeing benefits of GI (Lovell et al., 2020), the effectiveness of Natural England’s pre-existing Accessible Natural Greenspace Standards (Mell and Neal, 2020a; Mell and Neal, 2020b), and a review of United Kingdom and international Urban Greening Factors (Neal, 2020). Natural England engaged the GI Framework Steering and Advisory Groups through online workshops to discuss the draft outputs.
TABLE 1 | Development of the GI framework of principles and standards for England.
[image: A timeline table outlines activities from 2018 to 2024 in three categories: Evidence Reviews, Participation and Evaluation, and Development and Release. Each row represents a year and includes specific actions or studies conducted, such as horizon scanning, advisory group workshops, consultations on draft frameworks, and the development of GI principles and standards. The progression shows initial reviews, trials, evaluations, and launches of frameworks and standards related to green infrastructure.]The evidence reviews underpinned development of a set of GI principles by Natural England. There are three groups of principles that describe why GI should be provided (benefit principles), what good GI looks like (descriptive principles), and how to deliver it (process principles) (Table 2) (Fanaroff et al., 2021; Fanaroff, 2023a). These principles directly informed the development of the GI standards.
TABLE 2 | The 15 GI principles.
[image: A table outlining principles related to Green Infrastructure (GI). The table is divided into three main sections: "Benefits principles – why GI should be provided," "Descriptive Principles – what (good) GI is," and "Process Principles – the way (how) to deliver GI." Each section contains subcategories with descriptions. For example, benefits include creating nature-rich, active, thriving, and resilient places. Descriptive principles emphasize GI as multifunctional, varied, connected, accessible, and locally distinctive. Process principles highlight partnership, evidence, strategic planning, creating well-designed places, and managed evaluation.]The principles and standards are accompanied by the other elements of the GI Framework: a GI mapping database developed by Natural England for assessing and planning GI provision (Moss, 2023a; Moss, 2023b; Moss, 2023c); a planning and design guide advising on how to create good GI (Grant et al., 2023); case studies to illustrate examples of good GI (Natural England, 2023a; Neal, 2023a); and a suite of ‘process guides’ illustrating how to use the framework in different contexts for Local Planning Authorities (LPAs), neighbourhood planning groups, and developers (Fanaroff, 2023b; Houghton and Gardner, 2024). While this paper concentrates on development of the standards, it also shows how it is supported by the other elements of the framework. Natural England commissioned independent testing and consultation on the draft GI Framework design and components in 2020–21 and again in 2022 (Schüder et al., 2021; LIVE Economics, 2022; WSP, 2022).
2.2 Development of the GI standards
In 2021–22, Natural England collaborated with the research team to develop a set of GI standards underpinned by the key attributes of GI quantity, quality, and location, that will deliver the GI principles (Houghton and Warburton, 2023). The standards should:
	• Support delivery of good quality GI with benefits for people and nature
	• Help put the 15 GI principles into practice
	• Bring multiple existing quantity standards, quality standards and best practice guidance together into a single logical framework
	• Signpost standards that can be measured using the GI Mapping Database and other readily available datasets and resources
	• Provide an easy-to-use hierarchical menu that signposts more detailed standards and guidance as needed
	• Provide metrics for monitoring GI and help show progress towards achieving the UN’s Sustainable Development Goal (SDG) targets.

To decide “what to measure”, we focused on the logic of the 15 GI principles (Table 2). We reasoned that the GI Standards must enable Local Authorities to determine whether their GI meets the five descriptive principles that state what good GI should look like. In other words, GI must be accessible, connected, respond to local character, and be multifunctional and varied. We therefore aimed to develop a menu that groups standards under these five headings.
Following the logic of the GI principles, GI that meets those descriptions should deliver the five benefits identified in the “Why” principles: places that are ‘nature rich and beautiful, active and healthy, thriving and prospering, with improved water management, and resilient and climate positive (Figure 1). Local Authorities need to show how GI delivers these benefits, to make the case for investing in good quality GI. Several of these benefits are closely linked to specific descriptive principles. For example, health and well-being depends strongly on accessibility, hence the label is positioned under the “Accessible” principle on the left-hand side of the bar in Figure 1. Yet the bar extends across the whole diagram because the other four descriptive principles are also important for health and well-being. For example, GI needs to be well connected (i.e., walkable), characterful (to foster a sense of place), multifunctional (e.g., enhancing air and water quality, and protecting from floods and heatwaves) and varied (providing a range of parks, allotments, sports and play opportunities and an attractive and diverse environment).
[image: Diagram illustrating green infrastructure (GI) principles, including accessibility, connectivity, character, multifunctionality, and variety. These principles benefit health, well-being, nature, communities, water management, and climate resilience. Process journeys emphasize partnership, evidence, strategic planning, and design, leading to managed and evaluated outcomes.]FIGURE 1 | The links between the menu of standards and the 15 GI Principles.
The five process principles shown at the bottom of Figure 1 also play a vital role in delivering GI, ensuring that it is based on a partnership and vision, is evidence-based, strategically planned, well-designed and managed, valued and evaluated. These aspects are addressed partly by the Process Guides within the GI Framework. While these are not the focus of this paper, we aimed to embed the importance of the process principles within the GI standards–not least because all the standards aim to be evidence-based, enable good design, and facilitate managing, monitoring and evaluation.
To determine “how to measure” GI, relevant standards were selected to meet each of the five descriptive principles. To keep the menu simple for practitioners with limited time and resources, we aimed to select only the most significant (“core”) standards for delivering each principle, thus creating a “Core Menu” of standards that practitioners could draw on.
To select the core standards, the research team adopted a mixed method approach. First, we reviewed a list of relevant documents on potential quantitative GI standards compiled by Natural England, originating mainly from existing government departments and agencies and from earlier phases of the GI Framework development, including the evidence reviews (Table 1). This material included feedback from Local Authorities who had tested earlier versions of the standards (n = 10) (Schuder et al., 2021). We then identified key gaps in this evidence base and conducted targeted (non-systematic) searches of grey and academic literature sources (Web of Science, Google Scholar) to identify additional evidence on the application of quantitative GI standards globally. For example, we searched for evidence underpinning targets for total area of GI and specific GI types such as tree cover and recreational space. This was complemented by a scoping review of the academic literature on GI quality standards, focusing on developing a more detailed understanding of the socio-cultural, economic, and ecological interpretations of what “quality and qualities” GI was reported to hold within academic and practitioner debates (Mell, 2022). Current articulations of quality from this review were evaluated and fed back to Natural England to support the development of the Core Menu and GI Standards more widely.
This evidence base informed our initial proposals for the design of the Core Menu, and was used as the basis for gathering further feedback through semi-structured interviews with LPAs (n = 6), to draw on practical experience (Grace and Smith, 2022a). The standards were then further refined through a four-fold process: i) discussions within the research team, ii) a structured and facilitated integration workshop with stakeholders, iii) consultation and discussion with Natural England, Defra, and other GI stakeholder experts, and iv) feedback from Natural England’s GI steering and advisory groups. Finally, Natural England commissioned an ongoing evaluation programme focused on local authorities and developers (LIVE Economics, 2022; ICF Consulting Services Limited and Live Economics Ltd, 2024).
2.3 Developing additional tiers of standards
To complement the Core Menu, we considered the feasibility of developing a single overarching standard, such as the total percentage of green space in an area, to provide a simpler ‘headline’ metric for local authorities to communicate their progress. However, feedback from stakeholders and the Steering and Advisory Groups highlighted that this could be counter-productive, as it could lead to a focus on quantity of green space at the expense of quality and multi-functionality. For example, an area with a high proportion of green space could contain mainly short-mown playing fields, which would deliver a specific type of recreational benefit but have little value for biodiversity, urban cooling, air quality enhancement and carbon sequestration. This is a common trade-off within GI debates, where the use of simple quantitative metrics is critiqued as it can fail to reflect local needs (Dinand Ekkel and de Vries, 2017). Instead, we recommended using a suite of ‘headline standards’ covering multiple aspects of GI in line with recommendations from other reviews (e.g., Korkou et al., 2023). Natural England therefore developed a set of Headline Standards that are ‘owned’ by government and its agencies to avoid any perceived bias towards or against existing standards developed by non-governmental organisations. In addition, although the Core Menu was restricted to the minimum set of standards needed to meet the five descriptive principles of good GI, Natural England also decided to signpost a much wider set of standards and guidance in a separate table. Therefore, a three-tiered structure was adopted:
	1. Headline standards. Five overarching standards developed by government and its agencies, informed by the indicators in the Core Menu.
	2. Core Menu. A targeted menu including a more comprehensive range of green infrastructure standards, tools and best practice checklists, which can be used for in-depth green infrastructure planning to ensure that the five principles describing good green infrastructure are delivered (to be tested further before launching).
	3. Signposting table. A table signposting a wider range of possible additional standards and guidance documents that stakeholders could find useful (in development by Natural England). Each item is matched to the relevant GI Principles, and context (e.g., new development or existing GI) and area type, from city centre to rural, enabling users to identify the most appropriate standards, benchmarks and indicators for their purpose.

The first version of the GI Framework was published in January 2023, including the Headline Standards (Houghton and Warburton, 2023; Natural England, 2023b). The Core Menu and Signposting table will be released later after final testing and refinement.
3 RESULTS
Here we summarise the standards that were selected for inclusion in each of the five categories of the Core Menu (Section 3.1), and then describe the information included in the user guidance for each category (Section 3.2). Finally, we describe the five Headline Standards and evaluate them based on user feedback so far (Section 3.3).
3.1 Standards included in the core menu
Standards selected for the Core Menu include a mix of quantitative standards, qualitative standards, and checklists (Figure 2). As far as possible, we selected existing standards that are already widely used and recognised by practitioners in England, developed by a range of organisations. However, there were gaps for the “Character” and “Connected” standards where new checklists were developed to ensure that the principles were fully covered. Below we summarise the core standards selected to meet each of the five descriptive principles. Full details of all standards are in the Supplementary Information (SI).
[image: Flowchart illustrating the "Core Menu of Green Infrastructure Standards" divided into five categories: Accessible, Connected, Character, Multifunctional, and Varied. Each category lists components and tools such as AGS, Blue Flag, biodiversity metrics, and Urban Greening Factor. The chart is part of a framework including headline standards and signposting to additional standards.]FIGURE 2 | The Core Menu of standards, structured under the five descriptive principles. AGS, Accessible Greenspace Standards; LNR, Local Nature Reserves; NRN, Nature Recovery Network; EBN Tool, Environmental Benefits from Nature Tool. Black text, quantitative standards, green, qualitative standards, blue, checklists.
3.1.1 Accessible GI
Standards focus on providing equitable access to green space. The main standard is Natural England’s Accessible Greenspace Standards (AGS), which incorporates measures of proximity to different sizes of green space, capacity (i.e., quantity of accessible greenspace per person), quality (the Green Flag (2024) criteria), inclusion and access for all. This forms one of the Headline Standards (see Section 3.3.2 for more detail). It is complemented by an Access to Waterside measure and separate standards for provision of adequate sport and play facilities. Additional quality standards for specific types of green space include the Blue Flag (for beach and bathing water quality), Local Nature Reserve Visitor Service Standards, and Country Park Accreditation standards (see SI for details). In addition to covering the quantity and quality of GI, several of these standards also include process guidance covering issues such as governance, monitoring and stakeholder engagement.
3.1.2 Connected GI
Relates to three types of connections: for people, via active travel networks of footpaths, cyclepaths and bridleways (including public rights of way); for wildlife, via ecological corridors enabling species to move around the landscape; and for water, such as by linking urban Sustainable Drainage Systems (SuDS) with Natural Flood Management schemes in the wider landscape. No single metric captures connectivity unambiguously, so we use a set of three quantitative standards: the area of the largest patch of green space in an area; the area of GI connected to a wider nature recovery network beyond the urban area, and the area of the nature recovery network that is protected. These reflect the overall aim to link smaller spaces together to form larger connected areas that are linked into Local Nature Recovery Networks, currently being developed across England as part of the statutory Local Nature Recovery Strategies mandated by the Environment Act (2021). We have also compiled a best practice checklist showing how to deliver connected GI in new developments and across an existing area (see SI).
3.1.3 Character
Refers to the need for GI to be locally distinctive and co-designed with local communities to respond to local character and heritage. As there were no overarching existing standards for this, we developed a checklist (see SI) drawing together existing relevant guidance to help planners co-design GI with local communities, support local priority species and habitats, respect existing descriptions of local characteristics (known as Local and National Character Areas and Landscape Character), incorporate cultural heritage, and protect existing cultural and historic features.
3.1.4 Multifunctional
Refers to designing GI so that it can deliver multiple functions at the same time, addressing the climate and biodiversity crises as well as supporting health and communities. Quality standards are particularly important, as high-quality GI can deliver multiple benefits. Biodiversity and ecosystem health are crucial for delivering multiple benefits in the long term, so delivery of Biodiversity Net Gain (BNG) in new developments using the government’s Biodiversity Metric is a key standard. Unlike most of the standards, delivering BNG is now mandatory in England via the 2021 Environment Act (Natural England, 2024). The menu also includes a complementary tool intended to help design BNG schemes with positive outcomes across a wide range of ecosystem services: the Environmental Benefits from Nature (EBN) Tool (Smith et al., 2021). In addition, we include standards for multifunctional Sustainable Drainage Systems (SuDS) that have benefits for water quality, biodiversity and amenity as well as for runoff management; a standard to encourage high quality green roofs with multiple benefits for biodiversity, cooling and water management (the Green Roof Organisation, 2021 Biodiverse Green Roof standard); and quality standards for soils, water, trees, woodland, urban grasslands, hedgerows, scrub, heathland, brownfield sites and urban food-growing areas (allotments, community orchards and community farms). A strategic approach to planning GI is vital for delivering multifunctionality, so a process-based GI Strategy Standard was included in the Headline Standards (see below). All these standards can also be implemented in the framework of “Building with Nature”, a well-established process-based standard that encourages multifunctionality (Jerome et al., 2019).
3.1.5 Varied
Reflects the need to deliver a diverse mix of different types of GI to meet local needs. This menu includes mainly quantitative standards. It includes the Urban Greening Factor (UGF) tool, which sums the areas of different GI types within a development weighted by scores reflecting their benefits (see Section 3.3.4), as well as tree cover standards, a habitat diversity index, and capacity standards (hectares per 1,000 people) to ensure a mix of play areas, sports fields, parks, allotments, and natural green spaces. See SI for more detail.
3.2 User guidance for the core menu of standards
Supporting guidance was developed to help users navigate and understand the Core Menu of standards, in a format that could be presented in a web-based interface (see SI). For each of the five categories, this includes an overview summarising key benefits that could be delivered by the standards, showing how they help to meet both national policies and global targets (including the UN SDGs), and listing any synergies or trade-offs with the standards in the other four categories. The individual standards in the category are briefly described, with links to full details.
For example, for the Multifunctionality standards, the guidance states the aim to ensure that GI should be climate-resilient, support biodiversity, and deliver a wide range of ecosystem services, and emphasizes that delivering multiple benefits from the same space is especially important where the total area of GI is limited. It lists benefits delivered by multifunctionality (Figure 3) and shows how it delivers 18 SDG targets. It also shows that it supports two goals from the ‘Building for a Healthy Life’ guidance developed by Homes England, a government agency for delivering housing (“Healthy streets” and “Landscape layers that add sensory richness to a place”) (Birkbeck et al., 2020). Each of the individual multifunctionality standards are then described (Table 3).
[image: A table with two columns labeled "Benefit principle" and "How multifunctional GI standards help to deliver these benefits." The rows describe ways multifunctional green infrastructure (GI) can deliver benefits: 1. Nature-rich beautiful places: biodiversity, aesthetic, and other benefits. 2. Active and healthy places: green and blue spaces for amenity and recreation. 3. Thriving and prosperous places: multiple services saving money. 4. Enhancing the water environment: Sustainable Drainage Systems for flood protection and water quality. 5. Resilient and climate-positive places: carbon sequestration, cooling, shading, and flood reduction. Each row is highlighted in different colors.]FIGURE 3 | How the Multi-functional GI standards deliver the five GI benefit principles. Colour coding matches Figure 1.
TABLE 3 | Summary of core menu of GI standards for multifunctionality.
[image: Table outlining multi-functional environmental standards and corresponding tools, guidance, and measurements. Standards include Biodiversity Net Gain, Environmental Benefits from Nature Tool, water quality standards, SuDS Technical Standards, Green Roof Organisation Code Standards, grassland and verges, trees and woodland, hedgerows, scrub, allotments, soils, and Building with Nature. Each standard lists specific guidelines and objectives related to environmental sustainability and biodiversity improvement.]Next the guidance addresses the issue of what level the standards should be set at. Feedback from users stressed the need to account for different local contexts, resources, needs and constraints, rather than setting a prescriptive level for every standard. Therefore, we suggested that local authorities should be invited to measure their baselines and then set their own targets for working towards fully meeting the aspirational standards over a set. The user guidance provides a template table for setting targets both for individual new developments and for the wider area governed by the local authority, to reflect the potential to create or enhance GI in existing urban areas and account for the cumulative impact of individual developments. The template suggests setting targets for a certain percentage area of new developments or existing GI to meet each standard. This flexible approach can encompass quantitative and qualitative standards, checklists, and process-based standards. For example, for Multifunctionality the template table suggests setting targets for the percentage area of new developments that use the EBN Tool to design better outcomes for ecosystem services, or the percentage length of roadside verges or hedgerows managed according to recommended guidance (Table 4).
TABLE 4 | Template for Local Authorities to set their own targets, with examples for Multifunctionality Standards.
[image: Table outlining multi-functionality standards for local authorities to set biodiversity and environmental targets. Categories include Biodiversity Net Gain, green roofs, and management of verges and hedgerows. It shows current compliance at 100% with target percentages over five and ten years, aiming for 100% aspiration in all categories.]3.3 The five headline standards
Based upon the evidence reviews, workshops and interviews with users, we recommended an initial suite of five headline standards (not directly mapped to the five descriptive principles): i) an accessibility indicator, ii) targets for overall green space and the proportion that should be nature-rich, iii) no net loss of trees and green space (to prevent a ‘race to the bottom’ in areas that already exceed the green space target), iv) minimum 2 ha green space per 1,000 people, and v) an Urban Greening Factor score threshold for new developments. In addition, it was suggested that having a robust Green Infrastructure Strategy should be part of the headline standards.
Following further internal discussions, Natural England adapted these suggestions into five revised Headline Standards: GI Strategy, Accessible Greenspace, Urban Nature Recovery, Urban Greening Factor and Urban Tree Canopy Cover (Houghton and Warburton, 2023) (Table 5). These Headline Standards respond to Government policy (e.g., the 25 Year Environment Plan and National Planning Policy Framework) and aim to provide clear, high-level standards for quantity, quality, proximity, capacity and, importantly, process, that will support planning and delivery of good GI. They aim to provide an easy-to-use set of measurable standards with supporting evidence and analysis that busy planners, communities and developers can use alongside the GI Planning and Design Guide, the GI Process Guides and the Core Menu to assess, plan, monitor and evaluate local GI networks. The Core Menu provides a more comprehensive set of GI standards, which complements and supports the Headline Standards at a more detailed level, linking directly to the five Descriptive Principles (accessibility, connectivity, character, multi-functionality and variety), and to GI quality. When used together to strategically plan GI, the Headline Standards, Core Menu and other GI Framework tools will complement and reinforce each other, and can deliver multiple benefits to meet local needs (meeting the five Benefits Principles).
TABLE 5 | Summary of the five Green Infrastructure Headline Standards (Link to GI Headline Standards (Houghton and Warburton, 2023) https://designatedsites.naturalengland.org.uk/GreenInfrastructure/GIStandards.aspx).
[image: Table with two columns and multiple rows detailing area-wide and major development standards for green infrastructure. Standards include Green Infrastructure Strategy, Accessible Greenspace, Urban Nature Recovery, Urban Greening Factor, and Urban Tree Canopy Cover. Each row provides criteria and guidelines under each standard.]Below we describe and critically evaluate each Headline Standard drawing on the feedback gathered in our research, with a particular focus on the longest-established standards (the Accessible Greenspace Standard and Urban Greening Factor) where more feedback is available.
3.3.1 GI Strategy Standard
The GI Strategy Standard is a process-based standard that requires local authorities to strategically plan their GI in partnership with local communities and other stakeholders across different sectors, to enable GI to contribute to a wide range of social, economic and environmental policies. It is fundamental to the delivery of the other standards, especially for delivering multifunctionality over the long term.
The standard states that GI advocates should apply the 15 GI principles to integrate GI policies into development plans and local design codes, and to plan the delivery, long-term management and maintenance of GI. As such, the GI Strategy, the other four Headline Standards, the Core Menu of standards and the GI Planning and Design Guide are mutually interdependent—the GI Strategy can motivate implementation of the other standards, and the standards are key tools for supporting local authorities to deliver their GI Strategy by ensuring that their GI can deliver the 15 principles.
The GI Strategy plays a key role in implementing the five Process Principles (Table 2). It requires a Delivery Plan that should set SMART (specific, measurable, achievable, relevant and time-bound) targets for achieving the GI Standards, adapted to the local context. For individual development sites, it recommends a GI Plan showing how the 15 GI Principles and the GI Standards will be delivered, as set out in local GI policies and local design codes, and how the GI associated with major new developments should be managed, maintained and monitored for at least 30 years.
3.3.2 Accessible Greenspace Standard
The accessible greenspace headline standard consists of three elements covering i) size and distance, ii) capacity (3 ha of green space per 1,000 people) and iii) quality (Green Flag criteria for high quality parks, and inclusive access for all based on two key guides (Houghton and Warburton, 2023; Houghton, 2024; Sensory Trust and Natural Resources Wales, 2022).
The size-distance element was based on the original Accessible Natural Greenspace Standard (ANGSt), which had been the default accessibility metric for planning in England since its creation in 1995. This measured access to greenspace using a simple, yet effective, set of criteria based on the size of the green space, the distance from residents, and the time required to walk there. Criteria were originally set for provision of four size/distances of accessible natural greenspace:
	• at least one accessible natural greenspace site of 2 ha or more within 300 m or 5 min’ walk from home
	• a 20ha site within 2 km
	• a 100ha site within 5 km
	• a 500ha site within 10 km.

During development of the GI Standards, a review of the grey and academic literature suggested that ANGSt had retained its relevance because it was a well-established and easy-to-use tool, with a lack of alternative metrics. The size and distance hierarchy approach is supported by an evidence review which concluded that “different types, sizes and configurations of green infrastructure afford different benefits” and that “mixed provision is most likely to be beneficial” (Lovell et al., 2020). The simple size/distance/time metrics enabled users to map and assess accessibility and identify gaps in provision relatively easily using Geographic Information Systems (GIS) (Pauleit et al., 2003; Wysmułek et al., 2020). Yet engagement levels by Local Authorities varied, with some using ANGSt as a simple spatial tool to understand existing provision, and others performing detailed (and more complex) analyses of local greenspace accessibility or using ANGSt as a benchmark against which locally specific metrics can be tested. Research questioned whether greater nuance was needed to adapt ANGSt to contemporary planning, with a growing call for increased flexibility in the approach taken to accessibility that is more reflective of local environmental, socio-economic, and planning contexts (Schuder et al., 2021; Whitten, 2022). The strengths and weaknesses of ANGSt identified by the research are summarised in Table 6.
TABLE 6 | Strengths and weaknesses of the original ANGSt for aligning local/national objectives within a GI Standard.
[image: A table compares the strengths and weaknesses of ANGSt. Strengths include alignment with health research, established recognition, simple metrics for accessibility assessment, mapping capabilities, aiding strategic decision-making, and continuity for stakeholders. Weaknesses include lack of flexibility, challenges in local plan integration, complexity in aligning actions, need for guidance and funding, and lack of reflection on green space quality.]These findings were reinforced by interviews with local authorities (n = 6) with none expressing strong support for ANGSt because it did not fit all local contexts. For example, one council had significant accessible green space, but major problems with quality, while another had severe constraints on proximity, with 50% of the area over 5 min from a green space. Several councils also applied capacity standards (hectares of green space per capita), seen as important for avoiding over-crowding and over-use of green space in dense urban areas. Most commonly, they used a version of the Six Acre Standard, developed by the non-governmental organisation Fields in Trust (2016), a recommended minimum standard of six acres (2.75 ha) of sports, recreation and/or open space per 1,000 people. For allotments and sports facilities, however, some councils felt that a more bespoke approach was needed to reflect demand, such as the number of local sports teams, rather than population size. Alternative approaches include more sophisticated strategies for assessing needs and the quantity of greenspace suggested by Sport England (2014).
Natural England therefore revised ANGSt and renamed it the Accessible Greenspace Standard (AGS). First, they added two additional categories of greenspace of different sizes—Doorstep and Neighbourhood (Table 7). This aimed to increase the focus on greenspaces close to home, supporting the Government’s Environmental Improvement Plan commitment to improve access to nature while encouraging walking and cycling for health and wellbeing, and thus also reducing air pollution and carbon emissions from cars. In line with this, the revised standard encourages users to use network analysis to determine actual walking distances to the nearest access point, rather than straight-line distances. The term ‘natural’ was dropped from the name because nature recovery goals were separated out into the new Urban Nature Recovery standard.
TABLE 7 | The size-distance criteria of the Accessible Greenspace Standard.
[image: A table lists categories of greenspace based on actual walking distances and other criteria. Categories range from small greenspaces within 200 meters to very large greenspaces within ten kilometers. It includes details on criteria names, natural greenspace presence (Y/N), minimum size in hectares, and approximate walking or cycling times. For instance, a medium-sized greenspace within one kilometer requires 15 minutes of travel and measures ten hectares. Distances refer to actual walking and cycling routes, cited from Houghton and Warburton, 2023.]While these standards are ambitious, given that only 62% of people currently live within 15 min from accessible green space (Moss, 2023c), they aim to provide scope for planners and developers to deliver greenspace of varying sizes, functions and qualities that are locally appropriate. This was emphasized through a second major change: the guidance for the Headline Standards states that ‘In assessing and strategically planning their green infrastructure provision, local authorities can apply the GI Standards locally, adapting them to local context where appropriate, and setting local GI standards.’ Supported by the GI Mapping Database, which maps achievement of the criteria across England in relation to deprivation and population density, the standards can thus be used as benchmarks to support local analysis of needs and identify priority areas for action.
The third major change was the addition of quality, capacity and inclusivity elements to the size-distance metrics (Table 5). This partly responds to research showing that local needs can be better addressed via discussions on accessibility rather than through a uniform assessment of greenspace size, distance and capacity (De Sousa Silva et al., 2018; Mell and Whitten, 2021). This includes integrating local understanding on access points, quality, amenity, landscape context, landscape diversity, aesthetic value, functions, and socio-economic and demographic variables. For example, perceptions of accessibility may differ from the simple measure of distance or time to green space if they do not feel safe and welcome (Larson et al., 2016). However, this more nuanced assessment of accessibility based on local needs and constraints requires more data, time and resources, which may not be available given local authority budgetary constraints.
The other Headline and Core Menu standards can complement the AGS. For example, there is evidence that greater health and well-being benefits are delivered by more nature-rich green space (Smith et al., 2023; Wood et al., 2019), highlighting the importance of the Urban Nature Recovery headline standard. The Urban Greening Factor Headline Standard and the Core Menu standards for Multifunctional and Varied GI also play a part in delivering a range of ecological and socio-economic amenities, functions and landscapes, including cool green and blue space and sustainable drainage to help people adapt to climate change, although expertise is needed to balance ecological quality with socio-economic function. This has been central to discussions of ecologically and water-focused GI work in North America and China (Cheshmehzangi, 2022; Grabowski et al., 2022). This holistic approach has been taken up more widely in the United Kingdom, with the Greenspace Toolkit developed by Natural Resources Wales and the inclusion of Building with Nature principles in the 2024 revisions to Planning Policy Wales Edition 12 (Natural Resources Wales, 2010; Welsh Government, 2024).
Evaluation by Natural England with LPAs (n = 14) and (developers n = 17) showed that these amendments were welcomed, especially the flexibility to set local standards. Feedback said that the AGS was user friendly, the links with the nature recovery Headline Standard were useful, and it was a useful evidence base for local plan preparation. A lack of guidance and training opportunities for LPAs was mentioned and is now being addressed, including a User Guide (Houghton, 2024). However, there was still felt to be a lack of deliverability in dense urban areas and a lack of benchmarks for challenging spaces, e.g., areas with little publicly owned land (though the Urban Greening Factor Standard can be helpful in those cases).
Comparable size-distance metrics have been applied in other countries, including China (300 m to a greenspace and 500 m to a park), Japan (10 m2 of GI per person and 3% of total urban area should be GI), the US ParkScore evaluation method, New York Green Infrastructure Plan (10 min walk to GI), and India Urban Greening Guidelines (area metrics for parks, forests, and playgrounds) (Larson et al., 2022; Mell, 2016; Zhou et al., 2021). These show that the discussions used to structure the AGS are being considered in geographically complex locations.
3.3.3 Urban Nature Recovery Standard
The Urban Nature Recovery standard states that the proportion of GI that is designed and managed for nature recovery should be increased by an agreed percentage and should consider local needs and constraints. New developments should also have a GI Plan showing how they will create and restore wildlife rich habitats which can contribute to the delivery of these local nature recovery objectives. In addition, there should be 1 ha of Local Nature Reserve per 1,000 people alongside enhancing or creating more Local Wildlife Sites. This recognises that Local Nature Reserves, intentionally designed to bring people in urban areas into contact with nature, are an integral part of GI networks for people as well as contributing to Local Nature Recovery Strategies (LNRS) under the Environment Act (2021).
This standard responds to the United Kingdom government’s national and international targets to protect 30% of land for nature by 2030 and reverse species loss (Convention on Biological Diversity, 2022). Although much urban GI may be unsuitable for contributing directly to the ‘30 × 30’ target, it can play a key role by providing space and corridors for wildlife to move through the highly fragmented United Kingdom landscape, helping species adapt to climate change and enabling more people to experience nature. Yet GI does not always meet the definition of a Nature-based Solution, in that it should deliver benefits for biodiversity (IUCN, 2020; Seddon et al., 2021). Outcomes for nature are often ignored or taken as a given. The Urban Nature Recovery Standard, accompanied by a User Guide (Houghton et al., 2024) and supported by elements of the Core Menu for Multifunctionality, makes this requirement more explicit.
In interviews, several LPAs emphasised that standards need to deliver high quality, nature-rich and multi-functional GI as well as a minimum area requirement, but there was also a clear message from metropolitan authorities on the difficulty of delivering enough GI in dense inner urban areas. As with the other Headline Standards, Local Authorities can adapt the standards to the local context. However, this flexibility to set lower targets can further disadvantage deprived or minority inner urban communities, where there are clear inequalities in the provision of greenspace and tree canopy cover compared to high-income, gentrified places (Kiani et al., 2023; Jarvis et al., 2020). As mentioned above, the GI Mapping Database maps greenspace provision against deprivation and ethnicity, enabling planners to address greenspace access inequalities (often associated with health inequalities).
The discussion of access to nature during COVID-19 placed health and greenspace inequalities at the forefront of GI planning, noting numerous examples of place-based inequality (Burnett et al., 2022; Pan et al., 2021). This may be compounded by uncertainties in extrapolating evidence from one population or place to another, especially for the more vulnerable, due to differing environmental factors and population variables (Spickett et al., 2013). Addressing these inequities through standards can help deliver strategic ambitions, but decision makers need to be aware of the risk of bias and inequalities, as weaknesses in ethical frameworks for standards can disadvantage less powerful stakeholders (Haugen et al., 2017).
Even within national guidance, the tension between competing policy objectives makes the application of standards a matter of local judgement. Delivering 30 × 30 should be a collaborative, voluntary effort, led by those who are driving nature’s recovery on the ground (Brummitt and Araujo, 2024). However, the lack of statutory protection for newly created habitats, and a provision for landowners or land managers to withdraw at any point, risks undermining the achievement of the target.
3.3.4 Urban greening factor standard
The Urban Greening Factor Standard covers both the total area of green space in a local authority area and the UGF scores of individual developments. Various studies from around the world suggest setting an overarching ambition for the total percentage of green cover in an urban area (e.g., Osmond and Shafiri, 2017, for urban cooling), but differences in the local context make this challenging. In the United Kingdom, the percentage of green cover is highly sensitive to the position of the urban boundary, with some dense urban areas that include peri-urban open land easily exceeding 40% or 50% of green cover, while those with tight boundaries have substantially less. Setting a minimum standard also risks a ‘race to the bottom’ in areas where the standard is exceeded. Therefore, following feedback from local authority interviews, the UGF headline standard specifies a target of 40% average green cover in urban residential neighbourhoods (thus excluding peripheral rural areas and dense city centres), together with no net loss of green cover (to prevent a race to the bottom).
For new developments, the standard applies a UGF threshold. UGFs aim to assess the proportion of green cover in an area, with a score (weighting) to indicate the quality and multifunctionality of each type of feature. They were first developed in the late 1990s, primarily to reduce surface runoff and the urban heat island. The first example was the Biotopflächenfaktor (Biotope Area Factor) in Berlin, which aimed to combat growing urban densification. This has generally been viewed positively by city planners, architects and developers for its simplicity and flexibility (Grant, 2017) and as a valuable transferable tool for translating landscape design standards into planning regulations, though it has also been viewed as too procedurally intense (Vartholomaios, 2013). It inspired the Grönytefaktor (Green Space Factor) used for experimental and creative planning in Malmö (Sweden), and other UGFs adopted by cities in Europe, Asia, North America and Australia. UGFs are increasingly being used in the United Kingdom by LPAs in the revision of their local plans and have become a prominent policy tool for urban greening across Greater London through the adopted London Plan (Mayor of London, 2021).
These existing UGFs were reviewed by the research team to develop a Model UGF for England as part of the Core Menu (Neal, 2023b). We assessed their development and current application; their role in promoting ecosystem services; the specific metrics they use; their ability to meet local needs; and their capacity to inform national and local GI targets. The Model UGF for England includes 22 different surface cover types grouped under four key headings: Vegetation and Tree Planting, Green Roofs and Walls, Sustainable Drainage Systems and Water Features, and Paved Surfaces. A weighting factor from 0.0 to 1.0 is assigned to each cover type reflecting its environmental and social value in urban greening; its functionality in providing ecosystem services, including improving permeability; and its benefit in supporting biodiversity and habitat creation. Detailed guidance for each cover type is provided in a User Guide that sets out their design and specification and the method of measurement (Natural England and Neal, 2023).
The UGF score is calculated by adding up the area of each GI element multiplied by its weighting and dividing by the total area within the development site boundary, commonly referred to as the red-line boundary. Target UGF scores for different types of development (residential, commercial, etc.) should be set by planning policy (Table 3). These targets can be considered as minimum benchmarks intended to set a level playing field for development but may also be adapted to local context as required. Planning policies should state that development schemes are expected to meet or exceed these targets to demonstrate the positive contribution their design proposals will have on both urban greening and wider planning policies to achieve sustainable development.
The increasing use of UGF tools suggests that they are perceived to be both beneficial and effective in improving the provision of GI. The London UGF withstood formal scrutiny during review of the London Plan (Planning Inspectorate, 2019). Sites in Malmö and Seattle describe the positive influence of UGFs on ecological and aesthetic design (Neal, 2023b).
The unified rating and metric establish a practical instrument that combines multiple ecosystem services within a simple set of land covers and metrics. However, this can mask gains and losses in individual ecosystem services, which could instead be explored using the EBN Tool. The simplified land cover categories may also mask important differences, e.g., between existing mature trees or new trees, and native or non-native species. As the UGF does not take account of loss of pre-existing land cover, it needs to be applied in conjunction with a Biodiversity Metric. However, it is well-suited to assessing developments with a low biodiversity baseline.
A clear benefit of the UGF tool is that it promotes a collaborative approach to GI planning that is both “flexible and easy to understand” (Massini and Smith, 2018). Local authorities can establish the policy and set factor targets that meet the needs of a district, developers can engage through design and dialogue to meet the objectives and communities can ultimately benefit from GI that is better planned and is more functional.
Interviews with local authorities confirmed these findings, with three councils either already applying a UGF or looking to develop one. In one case a UGF was successfully used as a benchmark to challenge developers over the low provision of GI. UGFs are particularly relevant in dense urban districts that are often unable to meet prescribed accessibility standards due to lack of space. One council said a UGF can be used to determine the area of green space needed, and developers can then be required to ensure that this is publicly accessible to meet AGS targets for hectares of accessible green space per 1,000 people.
3.3.5 Urban tree canopy cover standard
This standard specifies that urban tree canopy cover is increased by an agreed percentage based on a locally defined baseline, taking into account local needs, opportunities and constraints, and that new developments have tree-lined streets.
Tree planting has now become rooted in national policies as a response to climate change as well as for other benefits. Trees intercept rainwater, filter out pollution and aid infiltration into the ground, helping to reduce surface flooding. This alleviates pressure on drainage and water treatment systems, especially as part of a wider system of SuDS and/or natural flood management. The addition of a street tree could reduce stormwater runoff by between 50% and 62% in a 9 m2 area, compared with asphalt alone (Armson et al., 2013). Trees also store and sequester carbon and help communities adapt to climate impacts through urban cooling. Tree planting could reduce maximum surface temperature by between 0.5 and 2.3°C (Hall et al., 2012). A single large tree can transpire 450 litres of water in a day which uses 1,000 mega joules of heat energy, making urban trees an effective way to reduce urban temperature (Bolund and Hunhammar 1999). However, there can be trade-offs if water is required for irrigation (Rambhia et al., 2023).
One challenge with setting a tree canopy target is that local authorities have widely differing baselines, with current tree cover ranging between 4% and 42% (Sales et al., 2023). Various sources suggest a tree cover target of 15%–30% for urban areas (e.g., Konijnendijk, 2021; Osmond and Shafiri, 2017; Grace and Smith, 2022b; Supplementary Appendix A5) based on the multiple benefits for climate, biodiversity and health. Our research suggested working towards quantitative targets of 20% minimum (Sales et al., 2023) and 30% aspirational tree cover. This was preferred to specifying a fixed percentage increase, which would produce very low targets for areas with low tree cover. For example, a 10% increase in an area with 5% tree cover will be only 5.5%. Meanwhile, an area that already has 30% tree cover would need to increase this to 33%, risking the loss of space needed for other habitats such as semi-natural grassland or wetland, and other GI such as allotments and play spaces. This could jeopardise the principle of delivering Varied GI. We also specified that there should be no net loss of canopy cover, to avoid the risk that an area above the minimum target (e.g., having 33% tree cover) might feel justified in removing existing trees.
However, stakeholders were concerned that setting a standardised target could disincentivise action in areas currently far below the target. Councils had faced challenges in agreeing standards for tree canopy cover at both county and site scale. One felt that a uniform standard of 30% tree canopy cover could result in the loss of other GI assets.
Therefore, the Headline Standard requires urban tree canopy cover to be increased by a locally agreed percentage based on a local baseline, considering local needs, opportunities and constraints. Major new residential and commercial developments should be designed to meet these area-wide targets, incorporating new and existing trees and ensuring that new streets are tree lined. Specifying an increase removes the need to specify no net loss. This gives flexibility to councils to set locally appropriate targets - for example, they can specify how many trees should be incorporated in a new development - but also introduces uncertainty and a risk of under-ambition. For example, how many trees need to be included in a new street for it to qualify as “tree-lined”? These tensions are discussed further below.
4 DISCUSSION
Drawing on feedback from local authorities and the Steering and Advisory Groups, in this section we discuss the strengths, challenges, tensions and trade-offs associated with application of the GI Standards as a whole, with a particular focus on the challenges around determining the level at which to set the standards. We consider the role of governance and look ahead to how some of the practical challenges in planning and assessing GI could be addressed through the use of digital data and mapping.
4.1 Overall strengths of the GI standards
The GI Standards have several key strengths that help to deliver more and higher-quality GI. First, they take a holistic approach that considers all aspects of good GI, including quality, accessibility, connectivity, local character and multifunctionality, rather than just the overall area of green space. This meets the needs expressed by several Local Authorities engaged in developing the standards to deliver high quality, nature-rich and multifunctional GI–something that is rarely implemented in practice, despite decades of research (Cook et al., 2024). The GI Standards encourage a more comprehensive and strategic approach, working across sectors and departmental silos to enable GI to contribute to a wide range of social, economic and environmental policies, as set out in the GI Strategy Standard. The five pillars of the Core Menu (Accessible, Connected, Local Character, Multifunctional, Varied) are not weighted or traded off against each other (c.f. Dang et al., 2020). Instead, the menu recognises that all five elements are important and can support each other synergistically. For example, for climate adaptation, Multifunctionality standards can deliver urban cooling and flood protection, supported by Accessible and Varied green space to optimise public health benefits, thus reducing the vulnerability of the population to climate impacts such as urban heat. The Connectivity standards provide ecological corridors helping wildlife to adapt, and the Character standards can deliver socio-economic benefits such as jobs and income from tourism (e.g., Epifani et al., 2017) which also strengthens community resilience to climate change.
Second, the GI Standards were informed by evidence and co-designed iteratively with stakeholders, taking note of feedback and adjusting the evolving standards accordingly (Table 1). Demonstrating policy is evidence-based is a key requirement in the NPPF and for local authorities, so helping give greater weight to GI delivery at local plan examinations and public inquiries.
Thirdly, the Core Menu follows a clear and logical structure. It rationalises a myriad of existing standards and guidance from many sources into a concise, coherent and comprehensive framework, based on Natural England’s fifteen principles of good GI, to help users assess current provision and ensure they are delivering the full range of potential benefits from limited urban spaces.
Fourthly, a hierarchical approach is used to balance comprehensiveness with simplicity, catering for the needs and preferences of different users. The five Headline Standards provide a framework of simple, measurable targets that can be linked to local planning and other policy. As they do not explicitly cover all aspects of GI, such as connectedness, local character and multifunctionality, the Core Menu supports them with the full set of standards needed to meet all 15 principles. This provides Local Authorities with the tools needed to assess the current state of their GI and inform target-setting in their GI Strategies. For connectivity and local character, where existing standards were not available, the Core Menu adopts a checklist approach which could be built into local design guides or related policies. For users looking for alternative or additional tools, the signposting table adds a third level of detail.
Finally, the GI Standards are embedded within the GI Framework, where the whole is more than the sum of the parts for practitioners. They are supported by the GI principles, the practical advice in the Planning and Design Guide, the Process Guides, GI Mapping Database, Case Studies and training webinars, as well as one-to-one guidance and advice.
4.2 Uptake in national and local policy
As the strengths of the GI Standards have become recognized, they are being taken up into national policy. For example, the Environmental Improvement Plan 2023 endorses the standards in the GI Framework to help local planning authorities, planners, and developers create or improve GI, particularly where provision is poorest, and includes a commitment that all homes should be within 15 min of a natural green space. The National Model Design Code advises applying the GI Framework and its Standards to “green our towns and cities … through incorporating GI into development” (MHCLG, 2021). The Office for Environmental Protection highlighted the importance of the GI Framework in its annual report, which was otherwise critical of government progress towards improving the natural environment in England. It notes that the framework has the “potential to be an influential lever in planning decisions” and that “the underpinning evidence, guidance and tools are high quality” (OEP, 2024a; 2024b). The GI Standards were also endorsed strongly by the Secretary of State in the introduction to the third National Adaptation Plan (NAP), as a “consistent way to set out what good green infrastructure provision looks like” and to “help increase the amount of green cover in urban residential areas and other places where it can deliver multifunctional benefits” (Defra, 2024a; NAP3). Furthermore, Natural England is preparing a report on how the GI Framework contributes to adaptation. Proposed reforms to the NPPF announced by the new government in 2024 include direct reference to the Natural England standards on accessible green space, the UGF and Green Flag criteria. They also require the provision of green space for new development to “meet local standards where these exist in local plans” and “where no locally specific standards exist, development proposals should meet national standards relevant to the development” (MHCLG, 2024, para 156). This recognition of the importance of GI standards in key environmental policies is encouraging, and it will be important to maintain and strengthen the continuity of this policy commitment to greener place-making for the long term in future iterations of national planning policy.
The GI Framework is already being applied as the core of a new ‘Nature Towns and Cities programme’ run by Natural England, working with the National Trust (a United Kingdom conservation organization) and The National Lottery Heritage Fund. Offering £15 million for capacity building, this aims to attract further investment and support for accessible green space in at least 100 United Kingdom towns and cities (focusing on areas lacking green space), to improve health and wellbeing and create better connected and more climate-resilient neighbourhoods. It will also establish a UK-wide network enabling practitioners to share best practice.
Of the six Local Authorities interviewed in Phase 2, four explicitly endorsed the overall structure of the draft Core Menu around the five descriptive principles of good GI as a clear, logical and comprehensive framework, and none provided any specific criticisms or objections. Early responses (n = 36 in early 2024) to Natural England’s ongoing evaluation survey of the current GI Framework, which includes the five Headline GI Standards but not yet the full Core Menu, are mainly from Local Authorities (56%) but also include the housing and development industry, landowners, consultancies, landscape architects and charities. Of these respondents, 39% have used the GI Framework and 85% said they were likely to use it in future. Of the 14 local authority respondents who have used the GI Framework, 86% stated that it had helped them to follow the NPPF guidance when considering green infrastructure in local plans and new development. All four of the Local Authority respondents who have adopted or refreshed their local plan since the launch of the GI Framework used it to support development of their strategy. Within the GI Framework, the most useful elements were the GI Principles, GI Standards and GI Mapping Database (ICF Consulting Services Limited and Live Economics Ltd, 2024).
Natural England has provided a training programme to 27 Local Authorities in 2023–4 and further bespoke advice to 10 of these, supported by their Area Teams. The engagement target will increase to 40 local authorities in 2024–5. Natural England also provide free training webinars on their website (Natural England, 2023). Of the survey respondents who have used the GI Framework, 84% felt that this support was very useful (46%) or somewhat useful (38%).
4.3 Tensions and trade-offs
The GI Standards are voluntary, but we found differing views on the balance between the strength of mandatory standards and the need for flexibility to meet local needs and constraints. Some stakeholders felt that mandatory national standards that apply to all authorities would provide a strong steer for minimum delivery and help them to enforce delivery of good quality GI by creating a level playing field for developers in all areas. Stakeholders often asked for stronger weight for the GI Framework in policy, especially by including them in the NPPF and associated guidance. This would help councils to justify their inclusion within their local plan policies and enforce their application.
However, other councils argued that local constraints can make delivery of universal standards extremely challenging. For example, it can be difficult or even impossible to deliver 40% green cover in dense urban areas, especially where there are high housing delivery targets. Local authorities with no space to create new GI had to focus on improving quality and accessibility instead, as well as negotiating with neighbouring authorities to meet local needs. While standards for new development were thought to be more feasible than retrofitting GI in existing areas, sometimes developers deliver off-site contributions where space is constrained. Access standards can also be challenging in rural areas with poor public transport, narrow roads, low car ownership, and lack of connection to the existing footpath network, unless landowners allow creation of new paths across their land. Universal standards that do not reflect the local context have been highlighted by Dang et al. (2020) and Nyvik et al. (2021) as being at risk of poor take up due to a lack of focus on the bespoke planning issues visible at this scale.
With GI provision being very variable across the country, standards that are perceived as out of reach and unachievable can demotivate stakeholders, resulting in inaction (Washbourne and Wansbury, 2023). Also, where current GI provision exceeds standards, there is a perverse risk of a “race to the bottom”. This was evident from our interviews, with one local authority with ample green space considering whether to allocate some of it for development, while another, in contrast, viewed it as a long-term asset and focused on improving its quality and accessibility.
Challenges with fixed minimum standards in conservation have also been exposed by Brann et al. (2024), who highlight that any minimal standard inevitably excludes some aspects of natural assets (such as particular species or habitats) that are worth protecting. They suggest adopting ‘conservation reasonabilism’ as opposed to ‘conservation minimalism’ through a process of free and open discourse to ensure a flexible, practical, and ethical conservation approach (Brann et al., 2024). This endorses the value of the “process standards” within the GI Framework that aim to ensure inclusiveness in the development and application of standards.
The GI Standards therefore aim to balance ambitious top-down national standards with a bottom-up approach in which local areas can adapt standards to their local context and needs. A mixed approach was adopted for the Headline Standards. The Accessible Greenspace Standards and Urban Greening Factor set national benchmark targets, while the Urban Nature Recovery Standard and the Urban Tree Canopy Cover Standard encourage stakeholders to measure their local baseline, and then set local quantitative targets and standards based on the local context, needs and priorities. In addition, all the Headline Standards make a clear distinction between standards for the whole area and those for new developments.
The Core Menu recommends setting both minimum and aspirational targets, allowing local authorities to set their own timescale for progress to meet these targets, and/or allowing them to set their own aspirational targets (see Table 5). Aspirational targets fit the British Standards Institution’s specification-led approach while addressing the risk that as new knowledge becomes available over time, existing targets may no longer represent the optimal solution (Nyvik et al., 2021). If standards are referred to in regulations, it can prove challenging to differ from them, even if improved alternative solutions or evaluative techniques exist (Carter et al., 2024). Aspirational targets enable local authorities and developers to be flexible, able to adopt innovative approaches to meet their needs and reduce the time consumed by frequent updates to the standards.
However, there is a risk that this flexibility could result in lack of ambition and creativity, and failure to collectively meet national climate and nature targets. Even in dense urban areas, fixed standards such as the UGF can help to drive creative responses to enhancing GI, such as use of green roofs and walls, SuDS and street trees. Several key aspects of the GI Standards help to reduce the risk of under-ambition associated with this flexible, voluntary approach. Firstly, the GI Strategy Headline Standard requires Local Authorities to work with all relevant stakeholders to develop the overall strategy for the area, providing an opportunity for stakeholders to make the case for standards that deliver objectives on nature, climate, health and other local goals. This is reinforced by the statutory duty for Local Authorities to consult with relevant stakeholders when formulating Local Plans, and the need to follow best practice and take an evidence-based approach which will withstand public examination. Also, the supporting elements of the GI Framework, including the Process Journey guides, case studies, training material and bespoke support, help to demonstrate what can be achieved even where there are local constraints. The GI Standards can thus be a starting point for conversations about opportunities to do things differently.
4.4 The way forward for the GI standards
To enable successful implementation of the GI Standards in future, it is important to focus on sound governance and build capacity for Local Authorities with limited resources. A key aspect of the GI Framework is the encouragement of cross-sector partnership working and engagement with local communities, in line with the IUCN Global Standard for NbS (IUCN, 2020). This process of debate is critical for supplementing the structured and formulaic approach of quantitative standards, ensuring that GI genuinely meets local needs (Cook et al., 2024; Korkou et al., 2023). There may also be local efficiencies in sharing resources across GI and other statutory processes that require engagement and evidence-gathering.
Even so, the data-gathering and analysis required to assess local GI, develop a strategy, deliver GI enhancements and monitor the outcomes requires considerable resources. Many local authorities currently lack the necessary capacity due to budget constraints. The GI Framework cannot fix a lack of skills, expertise and data, but it may provide a sharper context and purpose to help local authorities fill those gaps, as well as useful supporting tools and guidance.
Digital mapping tools can play a key role in helping local authorities with limited time and budgets apply the GI Standards in practice. Mapping has long been used for identifying opportunities to address urban heating, flood risk management, building shading and biodiversity (Winkelman, 2017) and more recently for systems-based master planning frameworks (Puchol-Salort et al., 2021). Accessible presentation of maps and data can empower non-specialists to make informed suggestions about their priorities (Defra, 2021). With this in mind, the GI Standards are supported by Natural England’s GI Mapping Database which shows existing green space in England, zones that meet each of the Accessible Greenspace size and distance criteria, and a combined map of greenspace deprivation and socio-economic deprivation (Moss, 2023c). Additional layers include statutory site designations, public rights of way, woodland and sports facilities. Feedback from a community group that tested this mapping tool demonstrated that visually mapping GI assets made the concept of standards much more tangible. The maps have already been used at county scale to identify priority areas requiring additional greenspace in Oxfordshire (Crockatt et al., 2024).
Unsurprisingly, there are limitations with using GIS to represent real world places, including a lack of local urban data (WEF, 2023), and difficulty recognising impassable boundaries when assessing GI accessibility (Labib et al., 2020). Maps should therefore always be ground-truthed and used in conjunction with local knowledge. National products such as the GI Mapping Database can provide all users with a consistent level of information but can be greatly improved by adding local knowledge and data. Yet collecting local data on a national scale can be resource-intensive, and can be hampered by licensing constraints. More detailed mapping approaches are needed that can include both local and national data. For example, the Agile Nature-based Solution Opportunity maps integrate national datasets with local habitat data to identify potential locations for NbS that deliver multiple benefits (Smith, 2024). Local authorities can also help to ground-truth the national GI Mapping Database by requesting changes where needed (Moss, 2023b).
GI mapping can be a platform for integrating data from satellite imagery, sensor networks, social media and other sources into urban green space planning (Chen et al., 2021), fuelling transformational approaches by enabling non-professionals to easily visualize GI implications. Yet technologies such as city dashboards, immersive technologies and digital twins all require expertise and skills that many local authorities do not have. Continuing measures to address digital poverty and the digital divide within communities (Boland et al., 2022) will be needed if these platforms are to fully succeed in enabling the diverse democratic participation anticipated in the GI process standards.
Stewardship of GI to secure long-term benefits was also a significant challenge for the authorities we interviewed. Where budgets are tight, maintenance may be devolved to private contractors or Town and Parish Councils, sometimes with a risk that GI is managed in a highly manicured manner. The GI Strategy Standard, Process and User Guides and Core Menu encourage long-term stewardship through mechanisms such as partnering with Fields in Trust (a stewardship NGO), or community management supported by a programme to develop “green skills”, with accompanying socio-economic benefits. As the green finance sector evolves, it may present opportunities for the GI Framework to support new business models for managing GI assets (Cavada et al., 2021).
The application of environmental standards, as with all forms of regulation, is subject to changeable political drivers. This can lead to initiatives that can appear to be inconsistent but reflect decision making realities and timing within government, (see Gove, 2023; DLUHC, 2023a). However, the climate and biodiversity emergencies, and the debates around equitable access, quality and quantity of GI for health and wellbeing, mean that the importance of the GI Standards in helping to meet a range of critical national goals will only grow stronger over time. While the GI Standards are not mandatory, they provide a strong context that can enable local standard-setting and negotiation (Clement and Mell, 2023). Most local authorities who gave feedback welcomed the flexibility to negotiate their own solutions to meet local circumstances, and many wanted to see the GI Standards integrated into national planning policy. This shows how the tension between local and national governance and the policy drivers towards creating standards can be creative, though the test will be in whether benefits are delivered in the longer term (Zuniga-Teran et al., 2019).
5 CONCLUSION
GI can tackle many urban challenges, but useful and relevant standards are needed to ensure robust and effective long-term delivery of multiple benefits. Early in our research, we considered the feasibility of a GI standard which tries to capture everything in one overarching metric, such as the area of green cover. Feedback showed that simplistic standards have a superficial attraction due to a perceived ease of use but are clearly inadequate to deliver robust, multifunctional GI within the complex governance of urban environments.
Instead, we developed a comprehensive and structured core menu of standards, complemented by five headline standards. These help users meet five Descriptive Principles, that GI should be accessible, connected, locally distinctive, multifunctional and varied, and deliver the five Benefits Principles, through places that are nature-rich and beautiful, active and healthy, thriving and prosperous, resilient and climate-positive, and with improved water management. The menu of standards aims to help practitioners reconcile the tension between providing strong national targets to deliver on climate, nature and health goals, and the need for flexibility to adapt to local demands and constraints. This was addressed by encouraging local authorities to adapt the national targets and set aspirational targets with a timescale to progress towards them. To avoid a “race to the bottom” in cases where existing provision exceeds set targets, the standards also specified that there should be “no net loss” or an increase of GI above the baseline.
By encouraging participatory engagement with local communities and ensuring biodiversity benefits through linking with Local Nature Recovery Strategies, the standards aim to deliver GI in line with the IUCN Global Standard for NbS. The GI Strategy Headline Standard is a crucial part of this, as it aims to ensure holistic thinking using informed input from relevant stakeholders, working together to overcome siloes between sectors.
Initial feedback from users suggests the Standards are having a positive impact on practice. This success is due to them being developed in consultation with stakeholders and embedded within a broader GI Framework that provides supporting tools including GI Principles, a GI Planning and Design Guide, a GI Mapping Database, Process Guides, case studies, training materials and one-to-one support. This feedback is driving further work to align the standards and the GI Framework with other agendas, including the mandatory BNG, Local Nature Recovery Strategies and nutrient neutrality, as well as non-mandatory activities related to natural capital assessment, private investment and local climate emergency declarations. Aligning these broader approaches could lead to new business models that increase funding and resources for the delivery and stewardship of GI.
Based on feedback, we conclude that the GI Standards can help stakeholders deliver more GI that is also more effective and equitable, ensuring that urban growth is climate-resilient and supports nature recovery and public health while avoiding a “race to the bottom”. But continuity of support for the Standards is vital. Many stakeholders have called for them to have more weight in national planning policy (the NPPF, and the post-election 2024 consultation on planning reforms). More research is needed though, to help GI practitioners exploit the digital opportunities that are transforming delivery of other local services, so GI is not left out as cities become smarter.
A strong programme of support, knowledge exchange and skills development for all sectors can help guard against the risk that allowing local flexibility could lead to under-ambition and consequent failure to deliver all the benefits that GI can provide. Local Authorities also need additional resources to provide the time, skills and data needed to plan, deliver and monitor good GI that is fit to meet future challenges.
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African grasslands provide benefits for human communities but are negatively impacted by climate change. Climate impacts, combined with human population growth, can increase competition and conflict among humans and wildlife. Grassland restoration, a type of Nature-based Solution for climate adaptation, can improve farmers’ livelihoods by increasing the availability of water and pasture for livestock during drought events. Grassland restoration can also potentially help farmers adapt to climate change by providing human security benefits through a reduction in conflicts, which can also reduce consequent retaliatory measures on wildlife. However, those connections have not been widely explored. This paper assesses whether grassland restoration can reduce human-wildlife and social conflicts in Kenya. We collected information on conflicts using household surveys implemented over 16 months in a total of 1,567 households in Chyulu Hills when grassland restoration was also implemented. Results showed that 88.9% of the households interviewed experienced human-wildlife conflicts and 32% experienced social conflicts. There was a negative and significant correlation between the area restored in each site and both the number of human-wildlife conflicts and the number of social conflicts, showing that conflicts decrease as restoration increases. We also used time as a proxy for restoration, as areas restored and restoration activities increased through time. We did not find a decrease in human-wildlife conflicts over time, but we did find an overall decrease in social conflicts over time, as well as a reduction in the feeling of insecurity. However, not all households behave in the same way. Households led by women experienced a higher number of social conflicts compared to households led by men. Likewise, a higher number of households led by women had a perception of insecurity compared to households led by men. The results of this study provides recommendations for future projects, stakeholders, policy and decisions makers: a) to continue tracking conflicts in Chyulu Hills to understand the connections between grassland restoration and conflicts in the long-term, b) to identify and scale-up measures to mitigate human-wildlife conflicts considering the multiple conflict-causing species, including humans, and c) to consider the needs, perceptions and interests of women in designing strategies to mitigate conflicts.
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INTRODUCTION
African grasslands provide several biodiversity, climate mitigation and socio-economic benefits, including the habitat for a large diversity of animals and plant species, retention of soil carbon, forage for livestock and tourism opportunities, contributing to people’s livelihoods (Shackleton et al., 2005; Matsika et al., 2013; Ferner et al., 2018; Kalvelage et al., 2020; Mbaabu, et al., 2020). Those benefits provided by grasslands are jeopardized by climate change as more intense and frequent droughts affect ecosystem resilience (Buisson et al., 2019). The impacts of climate change reduce the availability of water and fodder for livestock and wildlife, lead to the encroachment of woody species (Midgley and Bond, 2015), increase the prevalence of cattle diseases and the risk of mortality of local breeds, creating an environment less suitable for cattle (Uddin and Kebreab, 2020), disrupting livelihoods (Uddin and Kebreab, 2020) and greatly contributing to the climate vulnerability of pastoralists (López-i-Gelats et al., 2012). Resource scarcity and insecurity due to climate change have impacted peace over the last few decades (Kuusaana and Bukari, 2015; Akov, 2017; Adams et al., 2023), putting people and wildlife in competition for resources (Nyhus et al., 2005) and potentially increasing the possibility of conflict both among people and between people and wildlife (Crawford, 2015; UNDP, 2023).
Nature-based Solutions are actions that aim to restore, protect and manage ecosystems to help address societal challenges (UNEA, 2022). Grassland restoration, a type of Nature-based Solution for climate adaptation, can improve farmers’ livelihoods by increasing the availability of water and pasture for livestock during drought events. As African grasslands maintain 60% of the livestock produced in Kenya and support 70% of all the wildlife that is found outside protected areas (Mwangi, 2015), grassland restoration can lead to a healthy interaction between community members and between people and wildlife. Grassland restoration can potentially reduce the movement of pastoralists to access water and fodder for livestock, minimizing conflicts with other pastoralists looking for the same resources. Grassland restoration can also reduce the attacks of wildlife on crops and livestock, and the consequent retaliatory killings of wildlife, minimizing conflicts between humans and wildlife. Therefore, this type of Nature-based Solution can potentially help farmers adapt to climate change by providing human security benefits through a reduction in conflicts.
Even though several studies have been conducted to understand the drivers of human-wildlife and social conflicts in Africa (e.g., Makindi et al., 2014; Mekonen, 2020; Linuma et al., 2022; Zumo, 2024) there is limited information on the connections between grassland restoration activities and the frequency of social and human-wildlife conflicts. If grassland restoration can improve water and pasture for livestock and wildlife, especially during drought events, it is expected that restoration activities could help minimize both human-wildlife and social conflicts due to the increased availability of resources. The reduction in conflicts due to grassland restoration would lead to positive outcomes for both wildlife and humans. Wildlife would be less likely to suffer retaliatory measures due to the reduced impacts of wildlife on humans’ lives and livelihoods. Humans would be more likely to have healthy interactions with other members of their communities due to sufficient food and water resources for all.
This paper aims to understand the potential of grassland restoration in providing an overlooked but critical climate adaptation benefit: human security and peace, by reducing human-wildlife and social conflicts. The paper assesses whether grassland restoration, a type of Nature-based Solution for climate change adaptation, can reduce conflicts between Maasai people and wildlife and conflicts among members of Maasai communities. We collected information on conflicts using household surveys implemented in Chyulu Hills, Kenya, over 16 months when grassland restoration was also implemented. Our hypotheses were that both human-wildlife conflicts and social conflicts would be negatively associated with the area of grassland restored, and would reduce through time, which was considered a proxy for grassland restoration in our study. We also hypothesized that human-wildlife conflicts and social conflicts would increase during the months with less rainfall, as droughts can increase competition among people and between people and wildlife, thereby increasing human-wildlife and social conflicts.
METHODS
Study area
The study was conducted in Chyulu Hills, south-eastern Kenya, where human-wildlife and social conflicts were monitored in indigenous Maasai communities using household surveys. The surveys were done in 4 periods between September 2022 and October 2023, coinciding with the implementation of an existing project, which is restoring 11,000 ha of African grasslands. Restoration sites were selected based on community agreements and on potential for restoration through a stakeholder workshop conducted as part of the project in January 2020.
Chyulu Hills host iconic wildlife, including the African elephant (Loxodonta africana), and the Black rhino (Diceros bicornis). The Climate Risk Profile for Makueni County (MoALF, 2016), where Chyulu Hills is located, lists it as one of the most climate vulnerable areas in the country. Increases in the frequency and intensity of drought events have occurred in the past 30 years, which has led to low water availability and the dominance of less palatable grasses for cattle. The area is expected to experience even greater changes in the next 30 years, as the temperature is expected to increase (MoALF, 2016) and continue to impact the livelihoods of pastoralists due to low cattle productivity and due to disturbances in the harvesting storage and processing of cattle products.
Human-wildlife conflicts occur frequently in Kenya (Mukeka et al., 2020), as about 70% of Kenya’s wildlife are found on private and communal lands outside protected areas (Mwangi, 2015). Human-wildlife conflicts have been occurring as a response to less water availability and less palatable grass, and to the movement of wild animals from national parks into farmlands. Those conflicts have commonly involved African elephants, baboons (Papio spp.) and blue monkeys (Cercopithecus mitis), buffalos (Syncerus caffer), lions (Panthera leo), hippopotamus (Hippopotamus amphibius) and the spotted hyena (Crocuta crocuta) (Mukeka et al., 2020, IUCN, 2023). Human-wildlife conflicts in the region have been common, with an average of 2,000 per year, with people injured, dead or felt threatened representing 44% of them (Mukeka et al., 2018; Mukeka et al., 2020). Other common types of conflicts in the study area include livestock death from wildlife attacks, wildlife injuries or deaths when people retaliate, and damages to business or infrastructure by wildlife. Limited grassland resources have also been leading to social conflicts over access to livestock grazing areas and farmlands.
Literature review
We conducted a literature review to identify indicators and metrics to track human-wildlife and social conflicts, the specific types of conflicts that have been reported, and the methodology that could be implemented to track those conflicts. In March 2022, we used the web of science to find papers using the key words “indicators, human-wildlife conflicts, methods, Africa.” We identified 82 papers that had their abstracts reviewed. Of those, 53 were read and 33 presented information that helped us design our methodology to collect data. In the same month, we conducted a search in google scholar using the terms “indicators, social conflicts, methods, Africa.” We identified 50 papers that had their abstracts reviewed. Of those, 22 presented relevant information. Based on the information extracted from the literature review (Table 1), we opted to gather information about communities’ perceptions on the frequency, types and magnitude of human-wildlife and social conflicts using household surveys (Supplementary Annex S1).
TABLE 1 | Types of human-wildlife conflicts and social conflicts, indicators and methodology used to track those conflicts found in the literature review.
[image: Comparison table showing conflicts within communities versus human-wildlife conflicts. Types of conflicts for communities include livestock theft and property disputes; for human-wildlife, predation and crop-raiding. Both use indicators like conflict prevalence and impacts. Methodologies involve surveys and interviews.]Human-wildlife and social conflicts
Human-wildlife conflicts assessed in this study included crop raiding by wildlife, livestock killing by wildlife, damages to assets and properties by wildlife and lethal and non-lethal attacks on humans by wildlife. Even though those conflicts can lead to retaliatory killing, we did not collect that information to protect the people that we interviewed as this is an illegal activity. We did however, collect information on other strategies implemented by household members to mitigate human-wildlife conflicts.
Social conflicts assessed in this study included damages to assets or properties by other members of the community, injuries due to physical conflict with other members of the community, as well as crops damages and thefts and livestock killings and thefts by other members of the community. We also assessed perceptions on whether conflicts with other members of the community could affect livestock productivity or health, and on whether livestock productivity decreased from lost access to water or grazing resources due to the imposition of a physical barrier, due to fear of violence during livestock movement or due to restricted migration or movement of livestock. We also assessed perceptions on whether conflicts with other members of the community had damaged social and/or economic relationships or resulted in a feeling of insecurity. We also collected information on strategies used to mitigate social conflicts.
Household survey sample
The household survey was conducted in two group ranches: Mbirikani and Kuku. Each group ranch had two sites: Loosikitok and Ilchalai in Mbirikani, and Kanzi and Motikanju in Kuku. At the time of the survey preparations, the total number of households in the 4 sites was 938. Loosikitok constituted of 320 households, which represents 34% of the total number of households in the area, Ilchalai comprised of 408 households, which represents 43% of the total number of the households, Kanzi had 163 households, which represents 17% of the total number of households, while Motikanju comprised of 47 households, representing 6% of the total number of households in the area.
The sample size necessary to get a sufficient representation of the population in those 4 sites was derived using:
[image: Formula for sample size calculation: the square of the Z score multiplied by the standard deviation times one minus the standard deviation, all divided by the square of the margin of error.]
[image: The formula shows Z squared multiplied by p times one minus p, all divided by e squared.]
With 5% margin of error (confidence interval) that the answers would reflect the views of the population and with 95% confidence level that the sample size accurately sampled the population, meaning that we have 95% confidence that the actual mean will fall within our confidence interval. A standard deviation of 0.5 that we expected 50% variation among the responses.
[image: Text displaying "Margin error (e) = 5%".]
[image: Text reads: "Confidence interval level equals ninety-five percent; z-score equals one point nine six."]
[image: Standard deviation in parentheses with p equals zero point five.]
[image: Text displaying "z-score equals 1.96", suggesting a statistical concept related to probability and standard deviation in a normal distribution.]
[image: Equation displaying a sample size calculation: open parenthesis 1.96 close parenthesis squared times 0.5 times open parenthesis 1 minus 0.5 close parenthesis, all over open parenthesis 0.05 close parenthesis squared, equals 384.16.]
Based on those calculations, about 385 households needed to be surveyed out of the 938 in the area. To ensure that each site was well represented, we sampled each site according to the proportion of the total households they represented in the study area. The number of households was then rounded off to suit the number of enumerators that conducted the surveys in each site (Table 2). Given that a high proportion of households had to be surveyed several times, we opted to conduct the surveys in 4 time periods, conducted every 3–4 months, between September 2022 and October 2023, instead of monthly surveys to minimize the burden of household members.
TABLE 2 | Total number of households and number of households surveyed in each site.
[image: Table showing data from group ranches Mbirikani and Kuku. Mbirikani includes Loosikitok (320 households, 136 surveyed) and Ilchalai (408 households, 172 surveyed). Kuku includes Kanzi (163 households, 68 surveyed) and Motikanju (47 households, 24 surveyed). Total households: 938; total surveyed: 400. Survey percentages are 41% for Mbirikani and 48% for Kuku.]We used a systematic sampling method to select the households to be interviewed on each site, using the interval of one from the list of households in the area. Most of the households were interviewed more than once. We implemented the survey with either the heads of households or the spouses of household heads in 4 periods: period 1 = September 2022 (to capture perceptions of conflicts between June and September 2022), period 2 = March 2023 (to capture perceptions of conflicts between November and March 2023), period 3 = July 2023 (to capture perceptions of conflicts between April and July 2023), and period 4 = October 2023 (to capture perceptions between August and October 2023).
Grassland restoration
In degraded African grasslands, there is high competition for resources due to the limited water and pasture for both livestock and wildlife, increasing the chances of encounters among wildlife, people and livestock and the possibility of conflicts. With grassland restoration, there is more space and resources for both livestock and wildlife, decreasing the chances of encounters with wildlife and the possibility of human-wildlife conflicts. Likewise, grassland restoration could keep the wildlife species far from households, reducing the consumption of crops and the predation of livestock. The same rationale can be used for social conflicts. Grassland restoration could reduce the chances of social conflicts due to more space and resources available for communities to raise livestock (Schilling et al., 2012; Okumu et al., 2017; Seter et al., 2018), reducing the chances of conflicts among members of the community. Therefore, our hypothesis was that the number and frequency of human-wildlife and social conflicts would decrease as restoration would take place.
This study builds on a project that aimed to restore 11,000 hectares of grassland in the same 4 sites where household surveys were conducted. At the time of the surveys, the restoration project was implementing grassland restoration practices for climate mitigation, including managing livestock in accordance with restoration plans, pruning encroaching bushes, sourcing seeds from existing seed banks and re-seeding degraded areas. The restoration project started in October 2021. The project staff collected information on the area restored (in hectares) in each of the 4 sites over time. Area restored per site and by each period when the household surveys took place was used in data analyses (see below).
Data analysis
We compared the mean number of human-wildlife conflicts and social conflicts per household among the 4 periods when we conducted the surveys, as well as between households led by men and women, using Kruskal-Wallis test. We compared the occurrence of human-wildlife conflicts and social conflicts among the 4 periods when we conducted the surveys, as well as between households led by men and women, using Fisher test. We tested the associations between the number of conflicts and area restored in each site, between the number of strategies to mitigate conflicts and area restored in each site, and between the number of conflicts and rainfall using Pearson’s correlations. Statistical analyses were done using R (https://www.r-project.org/). The significance level was assessed at 0.05 unless otherwise stated.
To check whether conflicts would vary depending on rainfall, we used the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) to assess rainfall data (http://chg.geog.ucsb.edu/data/chirps/) for the study area. We calculated the monthly mean rainfall for the study area for the period of June 2022 to October 2023 using the function Zonal statistics in QGIS. We summed the mean rainfall values for the months that comprised each one of the 4 time periods when we conducted the surveys and used those values in the correlations.
RESULTS
Households surveyed and characteristics of the communities
The total number of households interviewed, combining all 4 periods, was 1,567. The total number of households surveyed in each period was: 368 in September 2022, 400 in March 2023, 399 in July 2023, and 400 in October 2023. Most of the households we interviewed raised livestock (96% of the interviewed households) and some of them produced crops (28% of the interviewed households), primarily beans (56.1% of the households that produced crops), maize (41.3% of households that produced crops), and tomato (18.7% of the households that produced crops). Most interviewed households were led by men (86.9%), most of them raised livestock (87%), a smaller percentage grew crops (28.9%) or produced crops and raised livestock (26.9%). Most of the households led by women raised livestock (92.6%), a smaller percentage produced crops (22.5%), or produced crops and raised livestock (14%).
Frequency of human-wildlife conflicts
Of the total households that we interviewed, 88.9% experienced human-wildlife conflicts during the interview period. There was a significant and negative association between the number of human-wildlife conflicts reported by household members and the grassland area restored in each site (t = −3.7719, df = 1,565, p-value < 0.001, cor = −0.09). There were significant differences in the mean number of human-wildlife conflicts per household through time (Kruskal-Wallis chi-squared = 171.71, df = 3, p-value < 0.01), with the highest number of conflicts happening in period 2 (between November 2022 and March 2023) (Figure 1).
[image: Bar graph showing the mean number of human-wildlife conflicts across four periods of household surveys. Each bar includes an error bar indicating variability. The mean number declines from the first to the fourth period.]FIGURE 1 | Mean number of human-wildlife conflicts per household in the different periods when the surveys were conducted (1 = September 2022, to capture perceptions of conflicts between June and September 2022; 2 = March 2023, to capture perceptions of conflicts between November and March 2023; 3 = July 2023, to capture perceptions of conflicts between April and July 2023; and 4 = October 2023, to capture perceptions between August and October 2023).
Of the total interviewed households, 23% had at least one member experiencing non-lethal attacks by wildlife. The most common species involved in those conflicts included elephants (77.19% of the non-lethal attacks recorded during the surveys), giraffes and spotted hyenas (8.7% each). There was a significant difference in the mean proportion of household members that experienced non-lethal attacks by wildlife in the 4 periods (Kruskal-Wallis chi-squared = 48.316, df = 3, p-value < 0.001), and that proportion was higher in period 2 (between November 2022 and March 2023) and in period 4 (between August and October 2023). There was a positive and significant association between the number of households that have experienced non-lethal attacks by wildlife and the different time periods when the surveys took place, being higher between November 2022 and March 2023 and August and October 2023 (Supplementary Table S1).
A little over 66% of the households interviewed experienced property items damaged by wildlife. Most common property items damaged by wildlife included trees (49.9%), fences (41.7%), and bomas (40.6%). There was a significant difference in the mean number of items damaged by wildlife per household in the different periods (Kruskal-Wallis chi-squared = 134.25, df = 3, p-value < 0.001), with the highest number recorded in period 4 (between August and October 2023). There was a positive and significant association between the number of households that have experienced property damage by wildlife and the different time frames (p-value < 0.001), with a higher proportion of households experiencing property items damaged by wildlife in period 2 (between November and March 2023) (Supplementary Table S1).
Of the interviewed households that produced crops (n = 439), 74% experienced crop damage by wildlife. There was a positive and significant association between the proportion of households that have experienced crop damages by wildlife and the period when the surveys took place (p-value < 0.001), with a higher proportion of households reporting this type of conflict in period 2 (between November 2022 and March 2023) (Supplementary Table S1). Fifty four percent of the households that raised livestock and for which we have information about livestock predation (n = 1,155) (please note that we only added this question in the second round of surveys) reported livestock predation by wildlife. There was a positive and significant association between the proportion of households that experienced livestock predation by wildlife and the period of the survey (p-value < 0.001), with the higher proportion of households reporting this type of conflict in period 2 (between November 2022 and March 2023) (Supplementary Table S1).
Perceived causes of crop and property damages by wildlife
Environmental-related issues were perceived as the main causes of property destruction and crop damage by most of the interviewed households. The main perceived causes of crop damage by wildlife were droughts (29%), limited food and/or water for wildlife (26.7%), lack of specific land use zonation (10.6%) and lack of fences (6.5%). The main perceived causes of property damage by wildlife were droughts (35.5%), limited food and/or water for wildlife (34.8%), overlap of wildlife routes with other land uses (8.1%) and increase in wildlife population (4.8%).
Strategies implemented by household members to mitigate human-wildlife conflicts over time
There was a negative and significant association between the number of mitigation strategies implemented by households to address human-wildlife conflicts and the area restored in each site (t = −2.6644, df = 1,565, p-value < 0.01, cor = −0.067). There was an association between the proportion of households that implemented human-wildlife conflicts and period that the surveys took place (p-value < 0.001), with the highest proportion of households implementing mitigation strategies in period 2 (between November 2022 and March 2023). The mean number of mitigation strategies implemented per household differed according to the period of the household surveys (Kruskal-Wallis chi-squared = 37.909, df = 3, p-value < 0.001), with the highest number recorded in the period 4 (between August and October 2023). Table 3 shows the perceived effectiveness of each mitigation strategy by household members.
TABLE 3 | Types of strategies used to mitigate human-wildlife conflicts in interviewed households, the perceived level of effectiveness in mitigating human-wildlife conflicts and the number of households that used each specific strategy.
[image: A table titled "Mitigation strategies to human-wildlife conflicts" lists strategies such as Boma, guardian dogs, firelight, human guardians, engaging with NGOs, fencing, and others. It shows their effectiveness as highly effective, somewhat effective, or not effective with corresponding percentages. An additional column, "n," provides sample sizes for each strategy. For example, Boma is 44.9% highly effective, 47.0% somewhat effective, and 8.1% not effective, with a sample size of 1,116. Chili grease is noted as 100% highly effective.]Frequency of human-wildlife conflicts in households led by women and men
There was not a significant difference in the mean number of human-wildlife conflicts reported in households led by women and led by men (Kruskal-Wallis chi-squared = 1.9781, df = 1, p-value = 0.1596) and there was no association between the proportion of households that have experienced human-wildlife conflicts and the gender of the household head. There was not a significant difference in the mean proportion of household members that experienced non-lethal attacks by wildlife between households led by men or women, nor a significant association between the proportion of households that have experienced non-lethal attacks by wildlife and the gender of the household. There was not a significant difference in the mean number of items damaged by wildlife in households led by women and men, nor a significant association between the number of households that have experienced property damage by wildlife and the gender of the household head. Likewise, there was not a significant association between the number of households that had experienced crop damage by wildlife and the head of the household. There was, however, a significant association between the proportion of households that experienced livestock predation by wildlife and the head of the household (p-value < 0.001), with a higher proportion of households led by men experiencing livestock predation by wildlife, compared to households led by women (Supplementary Table S3).
Number of strategies implemented by households led by women and men to mitigate human-wildlife conflicts
The mean number of mitigation strategies implemented per household to mitigate human-wildlife conflicts differed according to the gender of the household head (Kruskal-Wallis chi-squared = 31.75, df = 1, p-value < 0.001), with the highest number recorded in households led by men. There was no association between the proportion of households that implemented human-wildlife conflicts and gender of the household head. Figure 2 shows the percentage of households led by men and women that implemented each strategy to mitigate human-wildlife conflicts.
[image: Bar chart comparing participation in various activities by household type: led by women, led by men, and all households. Activities include Boon, Guardian dogs, Fire pits, and others. The highest participation across all categories is in Guardian dogs and Fire pits, with lower engagement in Climate Resilience.]FIGURE 2 | Percentage of each strategy used by households led by women and household led by men to mitigate human-wildlife conflicts.
Frequency of social conflicts
Social conflicts were experienced by 32% of the households that we interviewed. There was a negative and significant association between the mean number of social conflicts reported by household members and the grassland area restored in each site (t = −2.4029, df = 1,565, p-value < 0.05, cor = −0.06). The mean number of social conflicts per household varied depending on the period of the survey (Kruskal-Wallis chi-squared = 30.29, df = 3, p-value < 0.001), with the number being lowest in period 4 (between August and October 2023) (Figure 3). There was an association between the proportion of households that experienced social conflicts and the period when the household surveys took place (p-value < 0.001) with the highest proportion of households reporting social conflicts in period 2 (between November 2022 and March 2023), and the lowest in period 4 (between August and October 2023).
[image: Bar graph showing the mean number of social conflicts during four periods of household surveys. Each bar has an orange error bar. The mean ranges from approximately 0.3 to 0.5, with the highest conflict during period three.]FIGURE 3 | Mean number of social conflicts per household in the different periods when the surveys were conducted (1 = September 2022, to capture perceptions of conflicts between June and September 2022; 2 = March 2023, to capture perceptions of conflicts between November and March 2023; 3 = July 2023, to capture perceptions of conflicts between April and July 2023; and 4 = October 2023, to capture perceptions between August and October 2023).
Of the households interviewed, 17.6% experienced property items damaged due to social conflicts. The mean number of property items damaged by people per household differed depending on the period of the surveys (Kruskal-Wallis chi-squared = 15.193, df = 3, p-value < 0.001), being the highest in period 3 (between April and July 2023) and lowest in period 4 (August to October 2023). There was an association between the proportion of households that have experienced any property items damaged by people and the period when the survey took place (p-value < 0.05), being the highest in period 3 (between April and July 2023) and lowest in period 4 (between August to October 2023) (Supplementary Table S2).
The number of households that had members injured by community members outside the household was low (3.4%) and was lowest in the last period of the interviews (August to October 2023). There was a positive and significant association between the proportion of households that have had members injured due to conflicts with members of the community and the different periods (p-value < 0.001), with those types of conflicts being lowest in period 4 (between August to October 2023) (Supplementary Table S2). Of the households that produce crops, 25.5% experienced crop damage by people. The mean number of times a household experienced crop damage by people decreased over time, with the lowest value recorded in the last period of household surveys (between August and October 2023) (Kruskal-Wallis chi-squared = 11.603, df = 2, p-value < 0.001) (Supplementary Table S2). Please note that this information was not collected during the first period of the interviews.
Of the 439 households that produced crops, 13.7% experienced crop theft by people. The average number of times a household experienced crop theft by people did not statistically differ across the different periods. However, there was a significant association between the proportion of households that had experienced crop theft by people and the period of the survey (p-value < 0.05), being highest in the period 3 (between April and July of 2023) and lowest during the last period (between August and October of 2023) (Supplementary Table S2). The mean number of times a household experienced crop destruction by people decreased over time, with the lowest value recorded in the last round of surveys (Kruskal-Wallis chi-squared = 7.7864, df = 2, p-value < 0.05) (Supplementary Table S2).
Of the households that raised livestock, and for those that we collected that information (n = 1,155) only 4% experienced livestock theft by people. The mean number of times a household experienced livestock theft by people did not vary based on the period of the surveys. However, there was a significant association between the proportion of households that had experienced livestock theft by people and the period of the survey (p-value < 0.05), with similar proportions in periods 2 and 3 and a decrease in the latest period (between August and October of 2023) (Supplementary Table S2). The mean number of times a household experienced livestock killing by people varied based on the period of the surveys (Kruskal-Wallis chi-squared = 7.7864, df = 2, p-value < 0.05), being higher in periods 2 and 3, and lowest in period 4. There was a significant association between the proportion of households that had experienced livestock killing by people and the period of the survey (p-value < 0.05), with similar proportions in period 3 and a decrease in the latest period (between August and October of 2023) (Supplementary Table S2).
Impacts of social conflicts on livestock productivity and relationships
Of the households that raised livestock, 13.3% experienced impacts on the productivity of livestock due to imposition of physical barriers. The mean number of times a household experienced a decreased in the productivity of livestock due to imposition of physical barriers decreased over time (Kruskal-Wallis chi-squared = 28.913, df = 3, p-value < 0.001) (Figure 4A). Of the households that raised livestock, 14.2% experienced impacts on the productivity of livestock due to fear of violence during livestock migration or movement. The mean number of times a household experienced that fear of violence decreased over time (Kruskal-Wallis chi-squared = 37.295, df = 3, p-value < 0.001) (Figure 4B). Of the households that raised livestock, 13.5% experienced impacts on the productivity of livestock due to restricted migration. The mean number of times a household experienced that impact decreased over time (Kruskal-Wallis chi-squared = 34.411, df = 3, p-value = 1.622e-07) but the value in the first period of surveys was the only one statistically higher than the other periods (Figure 4C).
[image: Three stacked bar charts showing the percent of households with firearms, hunting licenses, and state population density across various U.S. states. Each chart lists states on the vertical axis, with the percentage on the horizontal axis. Orange bars represent the data points.]FIGURE 4 | Mean number of times a household experienced a decrease in livestock productivity due to a physical barrier imposed by other community member. Mean number of times a household experienced a decrease in livestock productivity due to fear of violence during livestock migration or movement. Mean number of times a household experienced a decrease in livestock productivity due to restricted migration imposed by other community members in the different periods when the surveys were conducted (1 = September 2022, to capture perceptions of conflicts between June and September 2022; 2 = March 2023, to capture perceptions of conflicts between November and March 2023; 3 = July 2023, to capture perceptions of conflicts between April and July 2023; and 4 = October 2023, to capture perceptions between August and October 2023).
Of the households interviewed, 13.5% experienced weakened or damaged intercommunal or social relationships due to conflicts with other members of the community. The was a positive association between the proportion of households that perceived weakened or damaged intercommunal or social relationships due to conflicts with other members of the community and the period of the survey (p-value < 0.001), and the proportion of households that perceived those changes varied over time, being lowest in the last period of surveys (August to October of 2023). A little over 11% of households have experienced loss of longstanding economic relationships due to conflicts with other members of the community. There was a positive association between the proportion of households that perceived such losses and the time of the survey (p-value < 0.001), and the lowest proportion of households that have experienced such loss recorded in the last period of household surveys (August to October 2023).
Feeling of insecurity
There was an association between the proportion of households that expressed a feeling of insecurity and the period of the household surveys (p-value < 0.001), with a decrease in the perception of insecurity by household members over time. There was also an association between the occurrence of human-wildlife conflicts and the feeling of insecurity (p-value < 0.001) and between the occurrence of social conflicts and the feeling of insecurity reported by households (p-value < 0.001). There were associations between the use of mitigation strategies to address human-wildlife conflicts and the feeling of insecurity (p-value < 0.001) and between the use of mitigation strategies to address social conflicts and the feeling of insecurity (p-value < 0.05).
Perceived causes of injuries and property damages by other members of the community
The main perceived causes of property damage by other members of the community were land disputes (26.3%), social disagreements (16.2%), lack of food and/or water (14.7%) and droughts (10.2%). The main perceived causes of injuries by other members of the community were social disagreements (28.3%), lack of food and/or water (20.7%), influences of drugs or alcohol (13.21%) and land disputes (9.4%).
Strategies implemented by household members to mitigate social conflicts over time
There was a negative and significant association between the mean number of mitigation strategies implemented by households to address social conflicts and the area restored in each site (t = −8.282, df = 1,565, p-value < 0.001, cor = −0.2049093). There was an association between the proportion of households that implemented strategies to address social conflicts and the period of the surveys (p-value < 0.001), with the number being highest in the period 2 (November to March 2023) and lowest in the last period of interviews (August to October 2023). However, the mean number of mitigation strategies implemented per household to mitigate social conflicts did not differ across the different periods we conducted the survey. Table 4 shows the perceived effectiveness of each mitigation strategy reported by household members.
TABLE 4 | Types of strategies used to mitigate social conflicts in interviewed household, the perceived level of effectiveness in mitigating social conflicts and the number of households that used each specific strategy.
[image: Table displaying mitigation strategies for social conflicts, with columns for effectiveness: highly effective, somewhat effective, not effective, and total number surveyed (n). Strategies include engaging community leaders, restricting mobility, and using guardian dogs. Notably, engaging community leaders is seen as highly effective by 67.4%, while restricting mobility is rated highly effective by 78%. Guardian dogs are viewed as somewhat effective by 72.3%.]Frequency of social conflicts in households led by women and men
The mean number of social conflicts per household varied depending on gender of the household head (Kruskal-Wallis chi-squared = 17.307, df = 1, p-value < 0.001), with a lower number reported in households led by men (Figure 5). There was an association between the proportion of households that experienced social conflicts and gender of the household head (p-value < 0.001), which was also lower in households led by men.
[image: Bar chart comparing the mean number of social conflicts based on the gender of the household head. Females show a higher mean with a larger error bar than males. Y-axis represents the mean number, and the X-axis indicates gender.]FIGURE 5 | Mean number of social conflicts per household in the different household survey rounds (round 1 = September 2022, to capture perceptions of conflicts between June and September 2022; round 2 = March 2023, to capture perceptions of conflicts between November and March 2023; round 3 = July 2023, to capture perceptions of conflicts between April and July 2023, and round 4 = October 2023, to capture perceptions between August to October 2023).
The mean number of property items damaged by people per household differed depending on gender of the household head (Kruskal-Wallis chi-squared = 16.786, df = 1, p-value < 0.001), being the highest in households led by women. There was an association between the proportion of households that have experienced any property items damaged by people and the gender of the household head (p-value < 0.05), being the highest in households led by women. The was not a significant association between the mean number of households that have had members injured due to conflicts with members of the community and the gender of the household head.
The mean number of times a household experienced crop destruction by people did not vary based on the gender of the household head, nor there was a significant association between the mean number of households that had experienced crop damage by people and the gender of the household head. Likewise, the mean number of times a household experienced crop theft by people did not statistically vary based on the gender of the household head, and there was not a significant association between the proportion of households that had experienced crop theft by people and the gender of the household head.
In contrast, the mean number of times a household experienced livestock killing by people statistically differed based on the gender of the household head (Kruskal-Wallis chi-squared = 7.7829, df = 1, p-value < 0.05), with the number twice as high in households led by women than men. The mean number of times a household experienced livestock theft by people did not vary based on the gender of the household head and there was not a significant association between the proportion of households that had experienced livestock killing by people and the gender of the household head (Supplementary Table S4).
Impacts of social conflicts on livestock productivity and relationships in households led by women and men
The mean number of times households experienced a decrease in livestock productivity due to the imposition of physical barriers varied in households led by women and men (Kruskal-Wallis chi-squared = 3.7976, df = 1, p-value = 0.05133) and the number was higher in households led by women. The mean number of times households experienced a decrease in livestock productivity due to fear of violence during livestock migration or movement did not vary based on the gender of the household head. However, there was an association between the proportion of households that experienced impacts on livestock productivity due to fear of violence and the gender of the household head (p-value < 0.05) with the highest proportion in households led by women. The mean number of times a household experienced a decrease in livestock productivity due to restricted migration did not change based on the gender of the household head. However, there was an association between the proportion of households that experienced impacts on the productivity of livestock due to restricted migration and the gender of the household head (p-value < 0.05), with the highest proportion recorded for households led by women.
There was not a positive association between the proportion of households that perceived weakened or damaged intercommunal or social relationships due to conflicts with other members of the community and the gender of the household head. However, there was a positive association between the proportion of households that perceived loss of longstanding economic relationships due to social conflicts and the gender of the household head (p-value < 0.05), with the highest proportion reported in households led by women.
Feeling of insecurity in households led by women and men
There was a significant association between the proportion of households reporting the feeling of insecurity and the gender of the household head (p-value < 0.05), with a higher proportion of households led by women reporting a feeling of insecurity compared to households led by men.
Number of strategies implemented by households led by women and men to mitigate social conflicts
The mean number of mitigation strategies implemented per household to mitigate social conflicts differed according to the gender of the household (Kruskal-Wallis chi-squared = 3.5833, df = 1, p-value =0.05), with a higher number of mitigation strategies being implemented in households led by men. Figure 6 shows the percentage of households led by men and women that implemented each strategy to mitigate social conflicts.
[image: Bar chart comparing the proportions of households' responses to gender-based violence prevention strategies. Blue bars represent households led by women, orange by men, and gray for all households. Categories include engaging community leaders, receiving psychosocial support, and enhancing education. The highest response rate is for engaging community leaders, whereas engaging human rights institutions has the lowest.]FIGURE 6 | Percentage of each strategy used by households led by women and household led by men to mitigate social conflicts.
Associations between conflicts and strategies implemented to mitigate conflicts
There was a positive and significant correlation between the number of types of human-wildlife conflicts experienced by households and the number of strategies implemented to mitigate conflicts with wildlife (t = 3.899, df = 1,565, p-value < 0.001, cor = 0.09) and between the occurrence of human-wildlife conflicts and the implementation of mitigation strategies to address those types of conflicts (p-value < 0.001). There was not a significant correlation between the number of types of social conflicts perceived and the number of strategies implemented to mitigate conflicts (t = 1.2157, df = 1,565, p-value = 0.2243) but there was a positive association between the occurrence of social conflicts and the implementation of mitigation strategies to address those conflicts (p-value < 0.001).
Association between variables and rainfall
Between the first and the last set of interviews (June 2022 and October 2023), the sum of the average rainfall in the study area was 480 mm (Climate Hazards Group InfraRed Precipitation with Station data CHIRPS). During that period, April and November were the months with most rainfall.
There were positive and significant correlations between rainfall and the number of human-wildlife conflicts per household (t = 11.086, df = 1,565, p-value < 0.001, cor = 0.26), the number of mitigation strategies used to address human-wildlife conflicts (t = 2.2344, df = 1,565, p-value < 0.05, cor = 0.05), the number of social conflicts (t = 3.36, df = 1,565, p-value < 0.001, cor = 0.08), the number of property items damaged by wildlife (t = 3.7721, df = 1,411, p-value < 0.001, cor = 0.09), the number of items damaged by people (t = 2.035, df = 1,565, p-value < 0.05, cor = 0.05), the number of times crops were damaged by people (t = 2.473, df = 103, p-value < 0.05, cor = 0.23) and the number of livestock killing by people (t = 2.8609, df = 35, p-value < 0.01, cor = 0.43). There was a negative and significant correlation between the number of times livestock productivity decreased due to restricted migration and rainfall (t = −2.3593, df = 203, p-value<0.05, cor = −0.16).
However, there were not significant correlations between rainfall and number of mitigation strategies implemented to address social conflicts (t = −0.52452, df = 1,565, p-value = 0.6), the number of times crops were stolen by people (t = 0.48685, df = 53, p-value = 0.6284), the number of times livestock was stolen by people (t = 1.164, df = 36, p-value = 0.2521), the number of times livestock productivity decreased due to the imposition of physical barriers (t = −1.4452, df = 201, p-value = 0.15) and the number of times livestock productivity decreased due to fear of violence during livestock migration or movement (t = 0.042665, df = 214, p-value = 0.966).
DISCUSSION
Human-wildlife conflicts were negatively associated with the area of grassland restoration but did not decrease over time
The number of human-wildlife conflicts reported by the households decreased as the restored areas increased, showing that grassland restoration is likely playing some role in reducing human-wildlife conflicts. We also used time as a proxy for grassland restoration, as areas restored, and restoration activities increased through time. However, we did not find a decrease in human-wildlife conflicts through time as expected. That could be because restoration is taking place in a relatively small area, whereas most of the animals involved with those conflicts (e.g., elephants, lions, buffalos and giraffes) have a large home range, which can reach hundreds of Km2 (Tuqa et al., 2014; Naidoo et al., 2012; Knüsel et al., 2019), potentially limiting the role of the restoration efforts that happen in a small scale on the occurrence and frequency of human-wildlife conflicts. Therefore, there is a need to scale-up and to coordinate, in time and space, restoration interventions to maximize the potential of grassland restoration in reducing human-wildlife conflicts, considering migratory patterns, life-history strategies and spatial behavior of species engaged in those types of conflicts.
We did find, however, that environmental issues (including droughts and limited water and food for wildlife) are perceived by the household members we interviewed as the main causes of conflicts with wildlife, due to the tight connections between the landscape, wildlife, and communities in Chyulu Hills. Due to those tight connections, about 89% of the households we interviewed had experienced human-wildlife conflicts. Elephants were, by far, the animals most involved in non-lethal attacks on humans, followed by giraffes and spotted hyenas. The results are consistent with other studies that reported elephants being the animals more frequently involved in conflicts with humans (Acharya et al., 2016; Gubbi, 2012). Because of their large body size, high food requirements and large home ranges, large herbivores (Lindstedt et al., 1986; Thouless, 1996) have a higher chance to encounter humans when foraging.
Overall, a high number of human-wildlife conflicts was accompanied by a high number of mitigation strategies used to address them. Most of the strategies used to mitigate human-wildlife conflict were considered “somewhat effective” by the household members we interviewed. This is probably because it is difficult to implement a few strategies that can be highly effective in mitigating a variety of types of conflicts (e.g., crop raiding, property damages, livestock predation) caused by a variety of wildlife species (e.g., elephants, giraffes, buffalos).
Social conflicts were negatively associated with the area of grassland restoration and decreased over time
The number of social conflicts reported by the households decreased as the restored areas increased. Likewise, we found an overall decrease in social conflicts and a reduction in the feeling of insecurity over time perceived by the household members we interviewed. Those results are very encouraging as grassland restoration is also likely playing some role in the reduction of social conflicts in our study area. One similarity between human-wildlife conflicts and social conflicts is that environmental-related issues, especially droughts, and limited water and food are perceived as causes of those types of conflicts. That agrees with what has been found in other studies that show that competition over resources is a major driver of social conflicts (Mamuda et al., 2017; Feldt et al., 2020; Lenshie et al., 2020).
Results differed according to the gender of the household head, with households led by women experiencing more social conflicts
Despite observed overall changes in social and human-wildlife conflicts through time and/or with restoration activities, households led by women and men are experiencing conflicts differently. There was not a significant difference in the number of human-wildlife conflicts perceived in households led by women from those perceived in households led by men and no significant association between the occurrence of human-wildlife conflicts and the gender of the household. The only exception was a significant association between the proportion of households that have experienced livestock predation by wildlife and the gender of the household, with a higher proportion of households led by men experiencing livestock predation. This could be because households led by men had on average, three times more livestock compared to households led by women, which could lead to a higher chance of livestock being preyed upon.
This similarity in the human-wildlife conflicts perceived by households led by women and men are expected, given that wildlife species do not likely make any distinguishment between households led by men from those led by women. Despite not experiencing a higher number of human-wildlife conflicts, households led by men implemented a higher number of mitigation strategies to deal with human-wildlife conflicts compared to households led by women. That may give some sort of advantage for households led by men as a higher number of mitigation strategies could better protect those households from a variety of types of human-wildlife conflicts.
Even though there were no significant differences in the number of human-wildlife conflicts experienced by household led by men and women, there were significant differences in social conflicts between households led by men and households led by women. Households led by women experienced more social conflicts when compared to households led by men, including the number of property items damaged by other members of the community and livestock killings by other members of the community. There were also significant associations between the gender of the household head and the proportions of households that experienced impacts on livestock productivity due to fear of violence and due to restrictions in migration. In both cases, a higher proportion of households led by women reported those compared to households led by men.
Despite perceiving more social conflicts, households led by women did not implement more mitigation strategies to address those types of conflicts. This perception of higher social conflicts by households led by women, combined with a lower number of strategies implemented to mitigate conflicts, could explain the higher proportion of households led by women that shared a feeling of insecurity, compared to the number of households led by men. A high number of social conflicts and low number of mitigation strategies implemented in households led by women compared to households led by men could represent a disadvantage for households led by women. Future strategies and measures implemented in the area to mitigate human-wildlife and social conflicts should take that information into account to ensure that households led by men and women are going to be equally supported when conflict-mitigating actions take place.
Rainfall as a key factor in human-wildlife conflicts and in social conflicts
Our data shows that the number of human-wildlife conflicts, the number of strategies to address those conflicts, as well as livestock predation, crop raiding, property damage and non-lethal attacks on humans by wildlife were more common during the rainy season. Those results are different from what we hypothesized, as droughts can increase competition and, therefore, conflicts between people and wildlife, but aligned with what other studies have shown. Mukeka et al. (2019) found that crop raiding peaked in the late wet season in the Masai Mara region of Narok County, Kenya, when crops mature. This is one of the explanations for the higher crop raiding and for the highest proportion of households that have experienced crop raiding during the rainy season.
Similarly, we found that livestock predation was higher in the rainy season and that is when natural prey density is lowest, and therefore difficult to find and catch, primarily due to their migration patterns, with carnivores then turning to livestock as their main prey during the rainy season (Patterson et al., 2004; Ogutu et al., 2008; Bhola et al., 2012; Mukeka et al., 2019). Reduced wild prey base (Karani et al., 1995) and large home ranges can lead to predators turning on to domestic livestock (Treves and Karanth, 2003). Livestock predation has also been shown to increase during the rainy season in the Masai Mara region of Narok County (Mukeka et al., 2019; Kolowski and Holekamp, 2006) and in Tsavo in Kenya (Patterson et al., 2004).
Rainfall also impacted the number of social conflicts. We found that the total number of social conflicts, the number of items damaged by people, the number of times crops were damaged by people and the number of livestock killings by people were all positively and significantly associated with rainfall. This is different from what we would expect, as droughts could increase competition for areas amongst pastoralists and were considered important drivers of conflicts according to community members. Some studies on the connections between changes in climatic conditions and increased risk of conflict found that excess precipitation could be responsible for raising violence (Klomp and Bulte, 2013; Salehyan and Hendrix, 2014; Theisen, 2012; Witsenburg and Adano, 2009). One explanation for the increased frequency of social conflicts during the rainy season is that rainfall would increase grassland conditions for a brief time, after an excessively dry period, attracting a high number of pastoralists to those areas that could confront over available resources.
CONCLUSION
The negative associations between the area of grassland restored and both the number of human-wildlife conflicts and social conflicts are very encouraging as those associations show that the number of conflicts can potentially decrease with grassland restoration. Furthermore, decreases in both social conflicts and in the feeling of insecurity over time are also important results as grassland restoration may likely be playing a role in reducing social conflicts and the overall feeling of insecurity perceived by households. Even though, in general, conflicts have been more common during the rainy season, Maasai communities in the study area are experiencing conflicts all year round. Therefore, strategies to improve the lives of communities, without negatively affecting the landscape and wildlife, should be implemented all year round and target the root causes of conflicts in different seasons. In addition to finding a positive association between grassland restoration and the reduction in conflicts, our study sheds light into a critical issue: the differences in the number of conflicts experienced by households led by women and by households led by men. The significantly higher number of social conflicts experienced by households led by women, combined with the lower number of mitigation strategies implemented to address conflicts in those households, are concerning. Therefore, future conflict-mitigation actions should consider those gender differences to be effective.
Despite the importance of this study in assessing the connections between grassland restoration and conflicts, it has some limitations. First, we only have 16 months of data, and therefore, tracking conflicts should continue in the area to understand long-term patterns, especially concerning the role of grassland restoration in the observed changes. Second, the information we asked refers to a set of conflicts and mitigation strategies we have identified previously. Therefore, other types of conflicts and mitigation strategies may have been happening in the area and should be explored. However, many insights were gained regarding human-wildlife and social conflicts in the Chyulu Hills, Kenya, that could be occurring in other places with similar settings. Third, household surveys do not proper capture retaliatory measures on wildlife. Therefore, types of human-wildlife conflicts that have negative outcomes to wildlife should be assessed using a different methodology or through government databases (e.g., from Kenya Wildlife Service).
The results of this study provides recommendations for future projects, stakeholders, policy and decisions makers: 1) to continue to track conflicts in Chyulu Hills to better understand the connections between grassland restoration and conflicts in the long-term, and to identify key strategies that can effectively minimize both human-wildlife conflicts and social conflicts; 2) to identify measures to mitigate human-wildlife conflicts considering the multiple conflict-causing species, including humans, and spatial heterogeneity in the intensity and predominant outcome of conflicts; 3) to urgently address social conflicts in households led by women, which are the most impacted by those types of conflicts; 4) to strongly consider the needs, perceptions and interests of women while designing strategies to mitigate human-wildlife conflicts and social conflicts and 5) to scale-up and to coordinate, in time and space, restoration interventions to potentially reduce human-wildlife conflicts by improving the land to wildlife species involved in those types of conflicts, especially to those with large body sizes and home ranges.
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Economic development in Indonesia has resulted in reduced poverty but has also been accompanied by significant pressure on natural capital, including its mangrove forests. In recognition of the role of mangroves in providing coastal protection and the delivery of other ecosystem services, the Government of Indonesia has engaged in several policy actions, among others the use of nature based solutions and has set a target to restore or enhance the protection of 600,000 ha of mangroves by 2025. The objective of the analysis presented in this paper is to inform the design and development of a national-scale mangrove conservation and restoration policy for Indonesia through a spatially explicit cost-benefit analysis. The analytical framework involves the integration of maps, data and models to estimate the costs and benefits of mangrove restoration at a high spatial resolution. On the benefit side, we make use of meta-analytic value transfer methods to value changes in fisheries, raw materials, coastal protection, carbon sequestration and avoided emissions, and mangrove tourism. On the cost side, we assess the opportunity and implementation costs using country specific data. Through a spatial overlay of cost and benefit estimates, cost-benefit indicators are calculated per district for investing in additional mangrove restoration and conservation. Using a discount rate of 5.5% and a 30-year project lifetime, the benefit-cost ratios of mangrove conservation and restoration are found to be >1 in most districts indicating positive social returns on investment. We find that mangrove conservation generally has higher benefit-cost ratios than restoration due to both the higher cost of restoration implementation and the additional time that it takes for restored mangroves to deliver ecosystem services. The spatially explicit framework to estimate district-level costs and benefits reveals tradeoffs with agriculture and aquaculture and enables the evaluation of investment scenarios and the spatial prioritisation of investments in mangrove conservation and restoration across Indonesia. Strategic allocation of conservation and restoration investments across districts can potentially significantly increase the economic viability of this nature-based solution.
Keywords: mangroves, nature based solutions, cost-benefit analysis, restoration, conservation

1 INTRODUCTION
Development in Indonesia during the past Century has resulted in reduced poverty, largely driven by a natural capital-intensive productive structure (Dutu, 2015). For instance, Indonesia’s ocean resources, including coastal and marine ecosystems, contribute over USD280 billion annually to economic activity, or the equivalent to more than a quarter of the country’s GDP (World Bank, 2021). Indonesia’s mangroves,1 which represent an estimated 25 percent of the world’s mangroves, are recognised as a particularly important natural capital asset, providing a range of economically valuable ecosystem services, including support to commercial and subsistence fisheries, protection from storm and flood damage, sequestration and storage of carbon, and cultural uses including recreation and tourism (Barbier et al., 2011; Husain et al., 2020).
Current trends in mangrove degradation, however, are likely to threaten their economic and ecological value, including the livelihoods of Indonesia’s coastal communities who are dependent on them. Mangroves have experienced substantial loss in area due to land conversion, mainly caused by clearing for aquaculture, oil palm, and urban expansion (Richards and Friess, 2016). In Java, Sulawesi and parts of Kalimantan, mangrove conversion is mostly driven by fisheries and aquaculture. In the Western part of Indonesia, covering Sumatra and parts of Kalimantan, mangroves are largely converted into oil palm and pulp wood plantations. Estimates of loss rates vary from 6,200 to 52,000 hectares per year, with variation due to the time period of measurement and classification technique used (Goldberg et al., 2020; Murdiyarso et al., 2015). In addition, 1.8 million of the country’s 3.5 million hectares of mangrove are in a degraded condition (MMAF and MoEF, 2019).
The objective of the analysis described in this paper is to inform investment planning in mangrove restoration and sustainable mangrove management in Indonesia through valuing the potential net benefits of mangrove conservation and restoration. The analysis estimates and compares the costs and benefits of mangrove restoration and conservation using a nation-wide cost-benefit analysis (CBA). The analysis is spatially explicit, meaning that costs and benefits vary depending on spatially variable determining factors. This approach is relatively novel in the assessment of nature based solutions (Wainaina et al., 2020; Chelli et al., 2025) and enables the identification of locations that would yield the highest net returns on investments in mangrove conservation and restoration. The results of this assessment are intended to help the Government, private sector, and other stakeholders across Indonesia better understand the costs and benefits of mangrove management decisions and to understand development tradeoffs in areas where oil palm and aquaculture are highly profitable.
The structure of the paper is as follows. Section 2 describes the methods and data used in the analysis, including the overall methodological framework, quantification of benefits, estimation of costs, spatial cost-benefit analysis, and identifies limitations. Section 3 presents the results in the form of maps of benefits, costs, and benefit-cost ratios. Section 4 discusses the policy implications of the results. Section 5 provides conclusions and identifies avenues for future research.
2 METHODS AND DATA
2.1 Methodological framework
The overall methodological framework is a national-level spatial cost-benefit analysis to measure the net benefits of potential investments in mangrove restoration and conservation, represented in Figure 1. This approach integrates methods, data and insights from multiple disciplines including environmental economics, mangrove ecology, and spatial sciences.
[image: Flowchart illustrating the process of spatial cost-benefit analysis of mangrove restoration and conservation. It includes literature reviews determining mangrove maps, costs, and benefits. Costs are divided into capital, operating, and opportunity costs. Benefits cover coastal protection, climate regulation, fisheries support, raw materials, and cultural services. Maps show restoration and conservation costs and benefits.]FIGURE 1 | Methodological framework for spatial cost-benefit analysis of mangrove restoration and conservation.
Cost-benefit analysis (CBA), also called benefit-cost analysis (BCA), was initially developed as a technique for evaluating investments in the private sector and then adopted in the field of public decision making as a tool to evaluate the economic feasibility of individual projects, programs or even economic policies (Hanley and Spash, 1993). In applications conducted from a societal perspective, CBA provides an indication of how much a prospective investment contributes to social welfare by calculating the extent to which the benefits of the project exceed the costs (OECD, 2018).
A CBA involves the assessment of the costs and benefits of a policy action relative to a baseline scenario without the policy intervention. In this analysis, the CBA estimates the average costs and benefits of an additional hectare of mangrove restoration or conservation for each district with mangrove cover in Indonesia. The benefits of conservation are valued relative to a baseline assuming that unprotected mangrove areas would be lost over the next 30-years.
The spatial distribution of costs and benefits is incorporated into the CBA in order to identify locations with high net returns on restoration and conservation investments. A Geographic Information System (GIS) is used to process spatial variation in costs and benefits and compute benefit to cost ratios. This spatial approach to CBA has been developed over the past 20 years (Bateman et al., 2003) but has not been widely applied in the assessment of nature based solutions (NbS) (Wainaina et al., 2020; Chelli et al., 2025). We note that spatial CBA has been applied in ex post evaluations, for example, of flood risk mitigation projects (Stewart-Sinclair et al., 2021), but the application described in this paper to conduct an ex-ante evaluation of ecosystem restoration and conservation is relatively novel (Chausson et al., 2020; Tal-Maon et al., 2024).
2.2 Benefit assessment
The benefits of mangrove restoration and conservation are estimated as the resulting enhancement in the value of ecosystem services. Mangroves provide a number valuable ecosystem services that contribute to human wellbeing including provisioning (e.g., timber, fuel wood, and input to fisheries), regulating (e.g., flood, storm and erosion control; prevention of salt water intrusion; climate regulation), and cultural services (e.g., recreation, tourism, aesthetic enjoyment, and existence and bequest values for biodiversity) (Spaninks and Beukering, 1997; UNEP, 2006; TEEB, 2010). In this assessment, we did not attempt to value all mangrove ecosystem services but focused on those considered economically important and tractable to measure in monetary units. The selected ecosystem services are coastal protection, climate regulation, support to fisheries, provision of raw materials, and nature-based tourism. The valuation methods and data sources used to value each key ecosystem service are summarised in Table 1 and described in detail in the Supplementary Information.
TABLE 1 | Methods and data used for estimating benefits of mangrove restoration and conservation.
[image: A table presents benefit components, valuation methods, and sources. Components include coastal protection, climate regulation, support to fisheries, raw materials provision, and nature-based tourism. Valuation methods range from avoided damage costs to value transfer using meta-analytic functions and voluntary market prices. Sources include Menendez et al. (2020), Murdiarso et al. (2015), Jakovac et al. (2020), Brander et al. (2024), and Spalding and Parret (2019).]The selected methodologies generally involve some form of value transfer. Value transfer is the procedure of estimating the value of an ecosystem (or goods and services from an ecosystem) by applying an existing valuation estimate for a similar ecosystem (Navrud and Ready, 2007). This procedure is also known as benefit transfer but since the values being transferred may also be estimates of costs or damages, the term value transfer is arguably more appropriate (Brouwer, 2000). The use of value transfer to provide information for decision making has several advantages over conducting primary research to estimate ecosystem values. From a practical point of view, it is generally less expensive and time consuming than conducting primary research. Value transfer can also be applied on a scale that would be unfeasible for primary research in terms of valuing large numbers of sites across multiple countries. Value transfer also has the methodological attraction of providing consistency in the estimation of values across policy sites (Rosenberger and Stanley, 2006).
The value transfers conducted for the estimation of conservation and restoration benefits incorporate spatially variable determinants of ecosystem service values to reflect differences in both supply and demand across locations. For example, the meta-analytic value function for fisheries and raw materials includes spatially defined variables for mangrove abundance,2 protected status, distance to nearest city, and degree of fragmentation. These characteristics vary by location and result in differences in the estimated benefits of restoration and conservation.
Average benefits per hectare were estimated for each district by dividing the total annual value of the ecosystem service in the district by the total mangrove extent in the district. For climate regulation, fisheries, raw material provision, and nature-based tourism, the mangrove extent data was extracted from Indonesia’s national land cover map (Ministry of Environment and Forestry, 2017), while for the coastal protection value a global mangrove extent dataset was used to estimate per hectare values (Menéndez et al., 2020).
2.3 Cost assessment
The cost components included in the analysis are the costs of mangrove restoration and conservation, and the opportunity cost of land. The estimation of restoration and conservation costs cover implementation, capital and operating costs, complemented by the opportunity cost. Methods and data sources for the estimations are described in Table 2.
TABLE 2 | Methods and data used for estimating benefits of mangrove restoration and conservation.
[image: Table showing cost components, valuation methods, and sources. Restoration costs use value transfers based on project costs, with estimations from consultations with the Government of Indonesia. Conservation costs use value transfers based on project costs, estimated from Marlianingrum et al. (2019) and government consultations. Opportunity costs of land use value transfers based on agricultural productivity, with estimations from Jakovac et al. (2020) and Strassburg et al. (2020).]The costs of active mangrove restoration vary greatly depending on the techniques applied. In Southeast Asia, mangrove restoration strategies involve planting seeds and seedlings, transplanting, or the construction of artificial habitats such as detached breakwaters. Capital expenditures include costs of planning, purchasing, land acquisition, materials and equipment (such as pumps, vehicles, computers, fencing) and financing. Operating costs encompass maintenance, monitoring, and equipment repair and replacement (Bayraktarov et al., 2016).
Mangrove conservation projects involve the protection and sustainable use and management of mangrove forests. Mangrove protection activities may include formal and informal education programs, sale of carbon credits to fund and incentivise protection, monitoring of forest condition, fundraising activities, mapping and marking of agreed protected areas, and perimeter patrols and policing of illegal mangrove harvesting. The costs of mangrove protection projects can be classified into establishment and operational costs. In general, the time profile of costs for conservation projects is high in the initial establishment phase and then declines to cover stable monitoring and enforcement activities (Flint et al., 2018).
The opportunity costs of mangrove restoration and conservation are the values of foregone alternative land uses. Globally, the main land uses on former mangrove areas are agriculture and aquaculture (Jakovac et al., 2020). In Southeast Asia, during the period between 2000 and 2012, 38 percent of converted mangrove areas were designated to rice and oil palm agriculture, while 30 percent supported aquaculture (Richards and Friess, 2016). Given the importance of agriculture as a driver of mangrove conversion and the unavailability of data on aquaculture productivity for most mangrove-holding countries, opportunity costs were estimated based on the average productivity of agriculture and pastures for all mangrove-holding countries. The foregone value of agricultural land is estimated based on the net present value of 31 commodities over a 40-year time horizon using a 5 percent discount rate. The 31 commodities were chosen based on the data availability for their current and potential productivity (Jakovac et al., 2020). The net present value of each commodity was used to convert the value of produced quantity per unit area to a production value per unit area in a spatially explicit model with a 5 km spatial resolution (Jakovac et al., 2020).
2.4 Spatial cost-benefit analysis
The present value of costs and benefits of mangrove restoration and conservation are computed over a 30-year period to represent a relevant planning horizon for investments in coastal infrastructure. Present values are computed using a discount rate of 5.5%, with a sensitivity analysis using 0% and 10%. The time horizon and discount rates were selected based on discussions with the Government of Indonesia. Benefit-cost ratios are computed on a per hectare basis at the district level to enable direct comparison across districts in terms of marginal returns on restoration and conservation investments. A Benefit-cost ratio higher than one indicates a positive social return on investment. In other words, we look at the costs and benefits of restoring or conserving an additional hectare in each district, and thereby guide spatial prioritisation of restoration and conservation efforts across districts. Note that restoration and conservation activities would never take place at the same location, since restoration involves replanting mangroves where they have been lost and conservation involves preserving intact mangroves.
2.5 Limitations
The analysis presented in this paper is characterised by a number of uncertainties and limitations that should be recognised in the interpretation of results and use of this information to inform decision making. We propose that the results are informative for the policy dialogue on, and spatial targeting of, mangrove restoration and conservation in Indonesia but would need to be refined further for use in the design of specific interventions at the local level. Here we outline the main limitations and uncertainties for transparency and to guide future research directions.
	• Uncertainty over baseline rates and location of mangrove degradation and loss. In the present analysis, we do not explicitly model variation in rates of mangrove loss or where losses will occur. We apply the simplifying assumption that conservation interventions are located where losses would occur, and thereby deliver the full benefits of conservation.
	• Effectiveness of restoration and conservation efforts. We make the strong assumption that all interventions are effective, i.e., that all restoration projects successfully result in gained mangrove area and that all conservation projects successfully avoid mangrove loss. In practice, however, not all interventions are successful (Bayraktarov et al., 2016) and our analysis does not reflect this uncertainty.
	• The analysis is likely to be incomplete in terms of its coverage of the full range of costs and benefits. On the cost side, we are unable to quantify and value all opportunity costs, which could include foregone urban or commercial development at some locations. On the benefit side, we are unable to include the value that people place on the preservation of nature and biodiversity, which can be substantial (Brander et al., 2024b).
	• The estimation of values for each ecosystem service does not account for changes in relevant determinants of value over time. This includes changes in determining factors that are exogenous to the conservation/restoration scenario (e.g., income) and those that are endogenous (e.g., mangrove abundance, fragmentation). In the present analysis, we have taken a relatively conservative approach by not modelling these dynamics in mangrove ES values. On balance, we expect that including these dynamic effects would tend to increase the benefits of mangrove conservation and restoration. Future analyses could attempt to explore this.
	• The scale of the analysis is national and necessarily involves generalisations. The results provide indicative information at the district level. For the design of specific interventions and projects, however, careful work is required to consider the circumstances of each proposed intervention, and the social, economic and environmental conditions prevailing in each case.
	• The analysis provides only limited information on the distribution of costs and benefits across stakeholder groups. To some extent the impacted group is implicit in the cost or benefit component (e.g., the fisheries benefit accrues to fishing communities; the opportunity cost is incurred by farmers and aquaculture operators).

3 RESULTS
3.1 Benefits
The estimated values of ecosystem services provided by restored or conserved mangroves are represented in Figures 2–4 for coastal protection, fisheries, and tourism benefits respectively. The estimated values for raw materials extracted from mangroves (timber, fuelwood, non-timber forest products) are reported in Supplementary Table S3 at the Province level. The estimated values are spatially variable and tend to be higher in areas that are less fragmented and without protected status. For Indonesia as a whole, the mean value of provisioning services per hectare of mangrove is estimated to be 347 USD/ha/year. We note that mangrove related fisheries accounts for almost 64% of provisioning service value, with the remaining 36% derived from raw materials. The estimated values of climate regulation (i.e., carbon sequestration and storage) for restored and conserved mangroves are not spatially variable in our analysis and are estimated to be 1,355 USD/ha present value for conservation, valuing avoided emissions, and 5,775 USD/ha present value for restoration valuing removal. This value is calculated using a conservative carbon price of 5 USD/tCO2e, an estimate to approximate the value of a tCO2e traded on the voluntary carbon market. Further information on the biophysical estimations of carbon removal and avoided emissions are provided in the Supplementary Information.
[image: Map of Indonesia showing coastal protection value in U.S. dollars per hectare per year with color-coded categories: gray for areas without mangroves, light pink for less than 100, pink for 100 to 1,000, dark pink for 1,000 to 5,000, and red for greater than 5,000. A scale bar indicates distances.]FIGURE 2 | Spatial variation in mangrove coastal protection values (CPV) per district (USD/ha/year; 2020 prices). Source: derived from Menéndez et al. (2020).
[image: Map of Indonesia depicting fisheries value per hectare per year in U.S. dollars. Color-coded regions indicate values: light green for less than five hundred, medium green for five hundred to two thousand, dark green for two thousand to four thousand, and darkest green for over four thousand. Gray areas have no mangrove presence. A scale bar is included.]FIGURE 3 | Spatial variation in mangrove fisheries values per district (USD/ha/year; 2020 prices).
[image: Map showing Indonesia with areas marked in red indicating locations of mangrove tourism and grey indicating no mangrove tourism. A scale is included in the upper right corner.]FIGURE 4 | Districts with mangrove tourism. Source: derived from Spalding and Parrett. (2019).
Figure 2 shows the spatial variation in the value of coastal protection provided by mangroves. High annual per hectare values are estimated for mangroves located in more developed and populated areas, such as in Java, Bali and Lombok. In these areas, there are more properties exposed to coastal flooding, and hence, there is a higher coastal protection value of mangroves. In many of these high value areas, annual mangrove coastal protection benefits are estimated to exceed 10,000 USD per hectare per year.
Figure 3 represents the spatial variation in the value of mangrove input to fisheries. Fishery values per unit area are estimated to be higher in locations where there is a relatively low abundance of mangroves in the neighborhood (i.e., fewer substitute sites) and proximity to population centres. High values are found around Java, Sulawesi, and Southern Sumatra among other areas.
Figure 5 represents the spatial distribution of combined benefits across mangrove ecosystem services. The combined present value of mangrove benefits over a 30-year period ranges from under 2 million USD to over 50 million USD per district. This value represents the combined per hectare conservation value of coastal flood protection, avoided greenhouse gas emissions, tourism, fisheries, and materials multiplied by the mangrove extent per district. High values (>50 million USD) are found in districts with large mangrove extents on Papua, Kalimantan, and Sumatra. Likely due to high per hectare values, several districts in Sulawesi, Bali, Lombok, and Java are also in the top bracket even though they are home to a smaller mangrove extent.
[image: Map of Indonesia showing mangrove areas with pie charts. The map includes quantified present value categories: less than ten million, ten to fifty million, fifty to two hundred fifty million, and more than two hundred fifty million USD. Pie charts represent contributions to coastal protection, carbon storage, fisheries, raw materials, and tourism.]FIGURE 5 | Present value of mangrove benefits per district (million (M) USD; 2020 prices) and constituent ecosystem services. The value of mangrove benefits is obtained by multiplying the per hectare value estimates for each district by the mangrove cover in hectares. The map shows the sum of the five benefits considered.
To highlight the spatial variation in the importance of different ecosystem services, Figure 5 includes pie charts for four selected districts; with fisheries, coastal protection, carbon storage and tourism each dominating the present value benefits depending on the characteristics of each location.
3.2 Costs
The estimated implementation costs of mangrove restoration are not spatially modelled and are obtained from the Government of Indonesia. The total cost for 1 ha of mangrove restoration (planting 10,000 seeds) is about USD 3,550 including procurement of mangrove seeds, planting facilities and infrastructure, and mangrove planting work (Ministry of Marine Affairs and Fisheries). In addition, USD 330 per hectare is included to account for additional investments in a mangrove center of excellence, community training, semi-permeable dams, and mangrove tourism infrastructure. The combined restoration cost per hectare of USD 3,863 is close to the median global cost estimates (Bayraktarov et al., 2016).
The estimated conservation costs are derived from information on mangrove management costs at Tangerang Regency, Batan Province, Java (Marlianingrum et al., 2019). The annual conservation cost is relatively low at 7.87 USD/ha/year but in line with assessed conservation costs in SE Asia (Brander et al., 2023).
High opportunity costs of land, with a net present value of over USD 6,000 per hectare, are found in Southern Kalimantan, Eastern Sumatra and parts of Java and Sulawesi (Figure 6). In these areas that have seen significant mangrove deforestation over the past decades, mangroves are under pressure due to the high profitability of oil palm plantations, aquaculture, and agriculture.
[image: Map of Indonesia showing opportunity cost of land in USD per hectare for thirty years. Areas in dark red indicate USD five thousand to six thousand, while light red shows USD two thousand to five thousand. Mangrove forests are highlighted.]FIGURE 6 | Spatial variation in opportunity costs of mangrove restoration and conservation per district (USD; 2020 prices; present value over 30 years using 5% discount rate). Source: derived from Strassburg et al. (2020), Jakovac et al. (2020).
3.3 Spatial cost-benefit analysis
Figure 7 represents the benefit-cost ratios of (a) mangrove conservation and (b) mangrove restoration at the district level. In general, we observe that conservation delivers a higher return on investment than restoration.
[image: Two maps of Indonesia depict benefit/cost ratios for mangrove conservation (top) and restoration (bottom). Each map uses color coding: gray for no mangrove, light green for a ratio of zero to one, darker greens for higher ratios. A scale bar indicates distance.]FIGURE 7 | Spatial distribution of benefit-cost ratios for mangrove conservation and restoration. (A) Mangrove conservation. (B) Mangrove restoration.
The benefit-cost ratio of a hectare of mangrove restoration is >1 in most districts indicating a positive net present value of investing in restoring mangroves. In areas such as Eastern Sumatra and large parts of Kalimantan there are clear land use tradeoffs. In those areas, where land opportunity costs are comparatively high and benefits such as coastal flood protection, fisheries and tourism are lower, the benefit-cost ratio of mangrove restoration is <1 indicating a negative net present value. In districts with low opportunity costs and high site-specific benefits, such as NTT and Western Papua, benefit-cost ratios of above 2 and in some districts above 5 are found.
4 POLICY IMPLICATIONS
The key policy implication drawn from the results presented in this paper is that an efficient achievement of the Government of Indonesia’s goal to restore or enhance the protection of 600,000 ha of mangroves or more generally, manage mangroves sustainably, involves a spatially targeted mix of restoration and conservation investments. The spatial cost-benefit analysis helps to determine the appropriate areas where activities will have higher net returns in terms of socio-economic welfare.
As an engagement tool with investors and policymakers, the information developed in this framework can be used to explore alternative NbS investment scenarios described in terms of the split between restoration and conservation activities and their geographic distribution. For example, looking at the costs and benefits of mangrove restoration, Table 3 shows a cost-benefit analysis based on per hectare values aggregated to province level. In this scenario, the column ‘Ha restoration’ describes how many hectares would be restored per province in a hypothetical scenario, and the dataset allows estimation of the combined present value benefits, costs, and net present value (NPV). In this scenario analysis, opportunity costs are estimated considering the land use of restorable areas by making a distinction between agriculture/plantation, aquaculture, and degraded mangrove. Similar scenario analyses can be conducted to estimate the spatial variation of the net benefits of conservation.
TABLE 3 | Example of mangrove restoration scenario analysis based on per hectare cost and benefit estimations aggregated to province level.
[image: Table showing data on mangrove restoration across seven provinces with columns: Province, Hectares (Ha) Restoration, Previous Land Use (LU), Benefits, Costs, Benefit Cost Ratio (BCR), and Net Present Value (NPV). Notable entries include Aceh with 1,600 Ha restored, a BCR of 1.15, and an NPV of $1,587,154. Gorontalo has a BCR of 1.51 and an NPV of $2,010,782. An asterisk notes previous land use types: agriculture/plantation, aquaculture, and degraded mangrove.]This scenario approach was used for the appraisal of the Government's Mangroves for Coastal Resilience Project, financed by the World Bank, which is implementing 75,000 ha of mangrove restoration across Indonesia.
5 CONCLUSION
The results of the spatial cost-benefit analysis presented in this paper show that investments in mangrove restoration and conservation in Indonesia generate positive returns across the majority of districts. In some cases, the returns are very high and estimated benefits exceed costs by more than a factor 5. In general, we observe that conservation delivers a higher return on investment than restoration due to the higher costs of restoration and the time required for restored mangroves to deliver ecosystem service benefits. These modelled results at the national scale are broadly in line with the findings of case studies that have examined the costs and benefits of mangrove NbS for specific locations (e.g., Susilo et al., 2017; Lahjie et al., 2019; Marlianingrum et al., 2019; Cameron et al., 2019b).
In relatively few locations, the results indicate that the benefits of mangrove restoration and conservation may not outweigh the costs, particularly where the opportunity costs are very high such as in Eastern Sumatra and Eastern Kalimantan. We caution that this does not imply support for mangrove conversion at such locations and that the results of our analysis should only be used to explore potential spatial prioritisation of mangrove restoration and conservation (i.e., to identify where returns are potentially and relatively highest). The next steps in developing NbS interventions would require in-depth assessment at target locations to define and assess alternative activities at the site level using local data and inputs from local stakeholders. There are likely to be many important context specific considerations that need to be taken into account in NbS design and implementation that cannot be sufficiently well measured or modelled in a national scale analysis (Nesshöver et al., 2017). As such, the spatial CBA described in this paper is intended to be used, and has been used by the Government of Indonesia, to make a first prioritisation of where to explore potential NbS interventions.
The assessment of the benefits of mangrove restoration and conservation for the analysis presented in this paper focuses on five key ecosystem services as a pragmatic approximation of total economic value. The selected ecosystem services were chosen through consultation with stakeholders and align well with the global literature on mangrove ecosystem services (Brander et al., 2012; Mukherjee et al., 2014; Himes-Cornell et al., 2018; Getzner and Islam, 2020) but others are potentially important in some contexts and may include contributions to the identity, traditions and informal economies of local communities that are not easily measured in monetary terms. Related to this is the need to consider the distribution of benefits and costs across different stakeholder groups, especially when dealing with questions of development. For example, the beneficiaries of large-scale palm oil plantations are different from subsistence agriculture and artisanal fishing. The net impacts of restoration and conservation interventions on different groups will have a substantial bearing on their social desirability.
The kind of rapid integrated and spatially explicit cost-benefit analysis presented in this paper has potential for replication to be used as a starting point for public and private investments in mangroves, and NbS more broadly. It provides an understanding of economic viability considering the most important benefits and costs; and the spatially explicit assessment can inform financing and implementation strategies. For instance, in areas where mangroves are important for coastal protection and adaptation, they may be protected as part of coastal planning and integrated with gray coastal protection infrastructure. In other areas, large scale protection or restoration offers carbon financing opportunities through generation of credits for avoided emissions. A framework as presented in this paper can help spatially differentiate these financing strategies and, moreover, identify opportunities for blending finance using different mechanisms, including eco-tourism revenues, natural asset insurance, sustainability-linked bonds, carbon credits and markets, and other payment for ecosystem services schemes (Rode et al., 2019; Brears, 2022).
We envisage substantial scope for further development and application of this approach. The increasing availability of earth observation data at scale (Gomes et al., 2020), improvements in global processed-based ecosystem services models (e.g., Menéndez et al., 2020; Gaido-Lasserre et al., 2024) and the increasing accuracy of meta-analytic regression to predict the value of ecosystem services (Johnston et al., 2021) will increase capabilities for rapid and spatially explicit cost-benefit analysis of mangrove investment and NbS more broadly. At the same time, the demand for bankable investments in nature is likely to increase further due to multilateral environmental agreements, better regulated carbon markets, increasing biodiversity finance, impact investors and other voluntary commitments from the private sector. To meet this demand methodological approaches that consolidate and leverage the increasing data availability and technology, as presented in this paper, can facilitate the identification of economically and financially viable investments in nature.
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FOOTNOTES
1The term mangrove is loosely used to describe a wide variety of trees and shrubs (around 80 species), that share characteristics of being adapted to conditions of high salinity, low oxygen and changing water levels (Saenger et al., 1983). The mangrove biome dominates tropical and sub-tropical coastlines between latitudes 32°N and 38°S and covers approximately 22 million hectares. Around 28% of global mangroves are located in Southeast Asia with Indonesia alone accounting for 25%.
2Mangrove abundance is measured as the area extent of mangrove (in hectares) within a 10 km buffer of the valued mangrove site. This variable is used to capture substitution or complementary effects among mangroves areas on the value of ES that they provide.
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Urban sprawl poses a significant challenge in the context of climate change. In Germany, while the tools for reducing land consumption are known, they are seldom employed due to a lack of local awareness. Building local support for land preservation is therefore a major challenge, impacting both public administrations responsible for designating new development areas and the general public. This paper proposes an approach to visualize the long-term development of urban sprawl at the local level, using historical geospatial data, including aerial imagery and maps predating satellite remote sensing. The aim is to create clear and easily understandable visualizations that demonstrate the dynamic expansion of built-up areas in municipalities over time. To this end, the paper identifies relevant data sources, processing steps, and presentation formats that can be applied in various contexts. The feasibility of this approach is illustrated by using three rural municipalities, showing how the visualizations can be concretely applied. The resulting visual representations are intended to be used in transformation workshops to stimulate discussion and raise awareness. Particular attention is given to the specific concerns of rural communities, with the goal of fostering greater citizen involvement and encouraging action to address urban sprawl.
Keywords: geovizualisation, geospatial data, urban sprawl, spatial transformation, urban and rural planning

1 INTRODUCTION
Humans have consumed more land in just 40 years between 1975 and 2014 than in the entire history of mankind (Pesaresi et al., 2016). Germany, along with the Netherlands and Belgium, is considered one of the highest sprawled countries in Europe (Behnisch et al., 2022). The expansion of urban land use, marked by the spread of impervious surfaces, significantly reduces the capacity of ecosystems to deliver a range of essential services (Kabisch et al., 2017). These include the impaired capability of previously unsealed soils to absorb carbon dioxide (Privitera et al., 2018) and the intensification of the urban heat island effect (Chapman et al., 2017; Tan et al., 2010). Another negative impact of urban sprawl on climate includes increased energy consumption due to the construction of buildings and infrastructure. Moreover, the encroachment of urban areas onto agricultural land affects local food supply chains, necessitating longer transportation routes and thus escalating carbon emissions (Bart, 2010). Additional greenhouse gas emissions are also caused by longer commuting times and the dependence of suburban residents on cars (Trubka et al., 2010; Floater et al., 2014). Furthermore, land consumption is a major cause of species diversity loss (Simkin et al., 2022) and disrupts the connectivity of critical ecological areas (McDonald et al., 2018).
Given these adverse effects, Germany has committed to reducing urban sprawl to a maximum of 30 hectare of soil sealing per day by 2030. Furthermore, the current federal government has introduced the additional target of establishing a circular economy for land use by 2050 (Eichhorn et al., 2024a), aiming at zero net land take in line with European regulations (Gardi, 2015; cf. Lacoere and Leinfelder, 2023). This focus on sustainable land use is not limited to Germany or Europe; in most countries of the Global North, strategies to regulate urban growth are increasingly being implemented (Nuissl and Siedentop, 2021). The instruments required to achieve these objectives in the German context are sufficiently described. These encompass both incentive-based and coercive measures, spanning legal and technical realms (e.g., Schmidt and Petry, 2005; Preuß, 2016; Hamacher, 2020; Jehling et al., 2020; Bovet, 2021; Ehrhardt et al., 2022; Goede, 2022; Pehlke, 2023; Eichhorn et al., 2024b). Examples of this include promoting urban development by making greater use of available building land (Ehrhardt et al., 2023), empty and underutilized existing buildings (cf. Schaffert, 2011; Neufeld, 2015) as well as setting quotas, such as through the implementation of a certificate trading system (Adrian et al., 2018). Despite the solid state of research, progress in reducing land consumption is lagging behind. The 30-hectare target was introduced already in 2002 in the German Sustainability Strategy and was set for the year 2020 (cf. Scholz et al., 2016). As it became apparent in the years leading up to this date that the target could not be met, it was postponed until 2030 (Goede, 2022). Currently, more than 50 hectare of land per day are earmarked in Germany for residential and transport areas (Umweltbundesamt, 2024), which makes the ambitious goal of a circular economy without net land consumption in 2050 appear all the more difficult.
In the German planning system, municipalities develop their land-use plans in line with the requirements and objectives of the higher planning levels. However, they have the constitutional right to decide on land use in their territory, which is why they are ultimately responsible for implementation (Turowski, 2002). Local land use reality clearly shows that achieving the targets set by the federal government to reduce urban land consumption is not yet a priority for municipalities (cf. Fina, 2021). Germany has over 10,000 independent municipalities, and the institutional fragmentation of local authorities is considered a key factor in contributing to urban sprawl (Ulfarsson and Carruthers, 2006). The individual expansive land-use policies of these municipalities exemplify what Odum (1982) refers to as the “tyranny of small decisions,” where numerous seemingly minor land-use decisions can collectively lead to significant cumulative impacts. For this reason, greater involvement of local authorities and cooperation with communities in saving land is called for (cf. Ivanov, 2022). Generating local acceptance for the implementation of land preservation measures is seen as a major challenge (Nuissl and Siedentop, 2021). The lack of such acceptance reflects a low level of awareness of the problem, which pervades society. For a long time, land in Germany has not been adequately recognized as a scarce resource (Thoenes et al., 2004). This contributes to a widespread societal acceptance of the excessive consumption of new land for settlement and transportation purposes (Voß and Schröder, 2020).
A major factor contributing to urban land consumption, particularly in rural areas, is single-family zoning (Eichhorn et al., 2024a). The 1950s economic boom led to rising incomes, while state incentives like homeownership support and commuter allowances, along with auto-driven suburban sprawl, enabled many young families to build their own homes for the first time in German history (Zakrzewski et al., 2014; Lorbek, 2018; Siedentop et al., 2022). Urban sprawl was further driven by factors such as the desire for a “detached house with a garden” (Burchell et al., 2005; cf. Moser et al., 2002) and the declining land prices outside urban cores (Krause, 2014). For this purpose, land on the periphery of existing settlement areas was newly developed. This marked the beginning of a period of extensive settlement expansion that continues to this day. Nearly every third residential building in the old Länder is a detached or semi-detached house constructed between 1949 and 1978 (Simon-Philipp and Korbel, 2017). Despite the increasing incorporation of infill development strategies alongside greenfield expansion, many local authorities still view outward growth as indispensable (cf. Ferber and Preuß, 2009; Siedentop and Meinel, 2020; Fina, 2021). Häußermann and Siebel (1987) discussed the “growth paradigm” in German urban planning already over 30 years ago. The concept of growth is deeply rooted in the mindset of local planning actors and decision-makers in Germany (Großmann, 2007; Lamker, 2024) and beyond (EEA - European Environmental Agency, 2006; Fernandez and Hartt, 2022; Durrant et al., 2023). Spatial planning is inherently influenced by ideology (Gunder, 2010), and debates about growth management are often politically charged and potentially biased (Siedentop et al., 2022). Consequently, there might be significant resistance to reducing urban sprawl among planners (Mete, 2022). This necessitates critical reflection on planning practices to move away from growth-oriented approaches (Xue, 2022; cf. Kaika et al., 2023). At the same time, alternative governance strategies, such as urban growth management (Siedentop et al., 2022), are gaining traction for their potential to mitigate urban sprawl. These approaches emphasize coordinated actions by state and local actors to guide sustainable development. However, given the deeply rooted growth-oriented mindset, a fundamental shift in perspective is essential before local authorities can be expected to implement effective measures to reduce land consumption. The entrenched growth mindset requires proactive efforts to raise awareness, which may need to be initiated and initially driven by external actors such as the scientific community or upper political levels. For this process to succeed, it is essential to develop techniques and tools that enable local authorities and the local public to recognize the full extent of urban sprawl within their jurisdiction and the many associated problems (cf. Ruiz-Alejos and Prats, 2022). This is particularly urgent in rural areas, where the development of new residential zones is often disconnected from real demographic needs (Klemme, 2010; Ferber and Preuß, 2009; Behnisch et al., 2021; Eichhorn, 2023) and tends to take a back seat to personal, political and planning interests when competing with other objectives (Ritzinger, 2018). The impact of single-family zoning on rural land consumption underscores the importance of greater involvement of residents. Within a democratic framework, the local population possesses the capacity to sway the decisions undertaken by local authorities. Many citizens or their forebears have benefited from building land designations by constructing their own family homes on available plots. The desire to live in a single-family home remains widespread in rural areas even today (Schröder et al., 2011; Bergmann, 2018). Just as planners and decision-makers responsible for land take, also local citizens therefore must learn not to take further land consumption for granted.
This article addresses the implementation deficit of land-preservation measures at the municipal level. The proposed methodology aims to enhance local acceptance of land-saving initiatives. It is designed to make urban sprawl comprehensible in its full temporal and spatial extent for local actors – planners, decision-makers, homeowners, and the local public – thereby establishing conditions that challenge the growth paradigm and promote more sustainable governance strategies. For this purpose, geospatial data and information, including historical maps and aerial photographs, are utilized. These provide insights into long-term changes in local land cover, extending back to the 1950s and earlier. In this way, they fill gaps left open by official monitoring, which in Germany commenced at a later time (cf. Blechschmidt and Meinel, 2022). The article identifies necessary data sets and explains how they must be processed for effective and comprehensible visualizations of local land consumption. Three rural municipalities in Germany are used to illustrate urban sprawl, its ongoing expansion, and variations in visual representation. Rather than serving as a comparative case study, these areas demonstrate the methodology and its feasibility. Additionally, the importance of creating visualizations that are flexible enough to accommodate varying technical abilities is emphasized.
The introduction is followed by a section explaining the methodology. Subsequently, exemplary visualizations of urban sprawl in the study sites are presented. The opportunities these visualizations offer as catalysts for discussion are identified, and the path to discussion is opened up by providing critical questions. Attention is also given to examining the feasibility and prerequisites of the visualizations in terms of data origin and processing capabilities. This section is succeeded by a discussion of the challenges and limitations of the proposed methodology, including the need for future research.
Defining urban sprawl remains challenging due to the lack of a consistently accepted definition (Chettry, 2023; Banai and DePriest, 2014). One relatively common definition describes urban sprawl as a land-consuming urban development, which can manifest as low-density, dispersed development, or a combination of both (Couch et al., 2008; Colsaet et al., 2018). Related concepts and terms include land take, land consumption, or urban expansion (see Marquard et al., 2020; Rosni and Noor, 2016; Evers et al., 2024). In this article, we align with the German term Siedlungsflächeninanspruchnahme (UBA - Umweltbundesamt, 2009; Winkler, 2018) which refers to the transformation of agricultural or natural open spaces into settlement and transportation areas, and use “urban sprawl” as the English translation of this process.
2 METHODOLOGY, MATERIALS AND INVESTIGATION SITES
2.1 Methodology and materials
The methodology was designed for implementation in two general steps: Geospatial analyses and visualization constitute the first step of a comprehensive mixed-methods approach, envisioning transformational workshops as the second step (Figure 1). These workshops are meant to provide a platform to present and discuss the visualizations depicting long-term sprawl with local participants. Since both steps are embedded within a joint overall framework, we provide bridges to the second step by formulating questions that complement the technical proposal of the first step. However, this paper focuses on step one marked as Geovisualization in Figure 1.
[image: Flowchart titled "Geovisualization" with four stages. Stage 1: Use of maps and aerial images, data gathering. Stage 2: Use of MS Office and GIS software. Stage 3: Visual clarity on urban spread effects. Stage 4: Workshops on urban planning and sustainable development. Each stage builds upon the previous, culminating in workshops.]FIGURE 1 | The methodological approach within two general steps: geovisualization and workshops.
The research intends to leverage geospatial data analyses and visualizations to raise awareness and engagement among municipal stakeholders and residents regarding long-term sprawl dynamics at the local level. Geospatial data and information have proven instrumental in various domains, showcasing their efficacy in enhancing knowledge transfer. From landscape planning (Wissen, 2009) to evaluating land consumption (Perlik et al., 2008) and its urban developmental implications (Shao et al., 2021), its utility extends to raising awareness (Aguilar et al., 2022) and fostering stakeholder engagement for sustainable development (Akbar et al., 2020). Moreover, its potential has been underscored in transformation studies (Buxton et al., 2022; Kindsvater and Schaffert, 2022), highlighting its versatility and significance for charting sustainable pathways across diverse research areas.
Drawing inspiration from wind energy planning, the approach presented in this paper is motivated by the engagement and debate that wind turbines trigger among citizens due to their visible impact on the landscape. While planning wind turbines prompts immediate reactions in communities and the local public, urban sprawl unfolds gradually over generations, often with dormant public awareness (see Schiefenhövel, 2022). By visualizing historical land cover dynamics, including time-lapse representations, the full extent of urban sprawl is intended to be made comprehensible from a local perspective.
Urban sprawl in Germany significantly intensified after the Second World War, a period characterized by the absence of systematic recording of the phenomenon. The Federal Statistical Office established its land use survey in 1980, using data from the cadasters of West Germany’s federal states (cf. Deggau, 2006; Blechschmidt and Meinel, 2022; Fina et al., 2023). Today, national systems like the IÖR-Monitor and European monitoring systems such as LUCAS, Corine Land Cover, and the Urban Atlas complement the official land use survey. They leverage several data sources, including remote sensing data or terrestrially recorded topographic data. Nevertheless, these systems were established in the 1990s or later (Blechschmidt and Meinel, 2023). In order to gain insights into urban sprawl that include periods before the establishment of these monitoring systems, it is essential to close this early data gap and turn available data into clear and appealing information (cf. Dosch and Beckmann, 2003; cf. Siedentop, 2006).
In response to the burgeoning open data movement in German federal states, the presented research seizes the opportunity by primarily utilizing open data sources. Moreover, analyses and visualizations that cater to a wide audience, from those with basic skills to those more proficient in advanced software, are offered. Therefore, a range of techniques and data sets will be presented that enable effective visualization of long-term urban sprawl at the local level.
2.2 Investigation sites
As investigation sites serve the village of Otterberg in the federal state (“Länder”) of Rhineland-Palatinate, the country town of Fürth in Hesse, and the city of Tischenreuth in Bavaria (Figure 2). Otterberg is located in the country district of Kaiserslautern and has about 5,400 residents. Fürth is a municipality in the Bergstrasse district with just under 10,800 inhabitants. Tirschenreuth is the county town of the district of Tirschenreuth with approximately 8,600 citizens. According to the Thünen Institute’s classification of rural areas in Germany, the district of Kaiserslautern is considered to be “rather rural with a less favourable socio-economic situation.” In contrast, the Bergstrasse district is classified as ‘more rural with a good socio-economic situation’ and the district of Tirschenreuth is “very rural with a less good socio-economic situation” (Thünen-Landatlas, 2024).
[image: Map of Germany highlighting three locations: Otterberg, Fürth, and Tirschenreuth. Each location is marked with a red dot on the map. A scale indicating 400 kilometers is at the bottom.]FIGURE 2 | The location of the investigation sites in Germany and its federal states.
These three municipalities serve as typical examples of growth-oriented spatial planning, which has relied for decades on the designation of new construction areas. This characteristic is shared not only with neighboring municipalities but also broadly with rural areas across the entirety of the former West German states. While pronounced urban expansion accompanied by extensive sealing of former mainly agricultural land has occurred in the investigation sites since the Second World War, there has been no significant population growth in the past 25 years or more (Table 1). In rural Germany, single-family homes were largely built and are still occupied by members of highly populous generations. However, subsequent generations of potential buyers increasingly belong to smaller birth cohorts, leading to a growing quantitative mismatch between supply and demand (Zakrzewski et al., 2014; cf. Forsyth and Molinsky, 2021). This imbalance is intensified by the tendency of owner-occupiers in Germany to remain in their homes for long periods (cf. Schaffert et al., 2024), effectively “locking up” a considerable share of single-family homes from the market (Zakrzewski et al., 2014). At the same time, demand for family-friendly housing is often met through new construction, perpetuating a growth-oriented mindset and long-established practices (cf. Eichhorn et al., 2024b). Without a justificatory basis in the form of demographic growth, a departure from the practice of ongoing single-family zoning is both warranted and necessary to avoid “shrinkage sprawl,” characterized by declining population densities and growing vacancy rates (Siedentop and Fina, 2010; Pallagst et al., 2021).
TABLE 1 | Development of the total population in Fürth, Otterberg, and Tirschenreuth since 1980 (data source: Statistisches Bundesamt, 2024).
[image: A table displaying population figures from 1980 to 2022 for three locations: Fürth, Otterberg, and Tirschenreuth. Fürth shows a gradual increase from 9,318 to 10,751. Otterberg's population rises from 4,280 to 5,425. Tirschenreuth's numbers decrease from 9,420 in 1980 to 8,655 in 2022, peaking at 9,840 in 1990.]The population number of all municipalities in Germany is recorded by the Federal Statistical Office since the 1950s and is freely available in tabular form and annual slices (Statistisches Bundesamt, 2024). However, due to the lack of a sufficiently long-term information basis for urban sprawl, imbalances between population development and urban sprawl are still little discussed and often unknown in practice. Against this backdrop, the connectivity of the following visualizations depicting local sprawl to demographic statistics and their application in transformation workshops is also considered. The data and analyses used for these visualizations are adaptable and can be implemented in any municipality in Germany. The article aims to demonstrate how suitable visualizations of urban sprawl can be generated from raw data to be used in workshops, and what data or software is necessary for this purpose. It is not designed as a comparative study of the mentioned localities based on statistical methods, nor does it address the implementation of the workshops.
3 GEOSPATIAL DATA AND VISUALIZATION FOR RAISING AWARENESS
3.1 Aerial images and local knowledge: making the settlement expansion tangible
Viewing settlements from a bird’s-eye perspective offers observers a different, often complementary, and thus more holistic view of local realities (Akbar et al., 2020). By using aerial images, both historical and current ones, the often substantial land consumption since the 1950s can be vividly illustrated (cf. Fyfield, 2003; Dorrian and Pousin, 2013). In the case of Fürth, a current aerial image helps to reveal that the area of today’s town is mostly less than 70 years old. To communicate this information straightforwardly, older residents and knowledge holders were asked to map the boundary between the development before and after the Second World War (Figure 3).
[image: Satellite map showing a land area with a highlighted red outline until 1945, and a blue outline after 1945. Two insets provide a clearer view of the boundary changes, with the red and blue shapes indicating previous and current borders respectively.]FIGURE 3 | Development of Fürth before and after the Second World War (own representation based on Google Maps and local knowledge). The picture shows the main town of the municipality of Fürth, which consists of several districts. These show comparable urban sprawl patterns.
The technical requirements for this type of visualization retrieval are minimal. The aerial image comes from Google Maps; corresponding products are also available from other commercial sources or the surveying offices of the federal states. Since this type of visualization seeks to give the workshop audience a first impression of the trend of extensive land consumption on site, no great demands need to be placed on the spatial accuracy of the data products. Therefore, aerial photographs were used instead of rectified orthophotos. However, most state surveying offices make both aerial photographs and orthophotos openly available.
The visualization in Figure 3 was created with basic office software and should be feasible for a large number of people with basic software skills. Another recording strategy could involve letting individuals draw the boundaries on analog maps. This could be particularly useful for older citizens who may be more comfortable with analog media. However, if several analog works are to be digitized later on and linked via the common spatial reference, the use of GIS software is recommended for reasons of accuracy, precision and efficiency, which in turn brings with it additional handling requirements.
In local transformation workshops, a moderator could present images such as the one shown in Figure 3 and enhance it with information illustrating that many rural towns in Germany can look back on a long history in which excessive land consumption, as can be observed today, did not take place. In the case of Fürth, which is over 1,000 years old (LAGIS - Landesgeschichtliches Informationssystem Hessen, 2024), the compact area of the organically grown scattered village (German: Haufendorf) was sufficient for centuries. After the Second World War, however, the spatial expansion - initially accompanied by population growth due to war refugees and suburbanization - exploded visibly. In just a few decades, the traditional settlement pattern was completely overturned, and this - in view of the consequences of urban sprawl - in a way whose sustainability appears questionable from today’s perspective.
The visualization of urban land cover additionally opens the door to link land consumption with demographic realities. In contrast to urban sprawl, population growth in Fürth has stagnated since the 1990s, making it one of many examples of the substantial decoupling of these two trends in rural Germany (cf. Figure 4).
[image: Line graph showing population development in Fürth, Hesse from 1980 to 2015. Population increases from 9,500 in 1980 to about 11,000 in 2000, then slightly declines and stabilizes around 10,500 by 2015.]FIGURE 4 | Population growth in Fürth (own representation based on Statistisches Bundesamt, 2024).
Images can evoke stronger emotions than mere appeals from researchers or politicians (cf. Hochschild et al., 2020; Barberá-Tomás et al., 2019). These emotions can be harnessed to engage locals by creating an environment that encourages questions about future settlement development, such as: Why have we been expanding in area if our population has not been growing for decades? Why have we acted this way when excessive land consumption is now seen as unsustainable? How should we proceed on-site in the future when zero net land take becomes the political goal from 2050 onwards?
By addressing these questions in workshops, the audience becomes familiar with the land conservation goals. Our experience shows that residents, especially those who are not politically active, are often unaware of them or perceive these goals as the fluctuating interests of political parties. Therefore, it is crucial to move beyond day-to-day politics and adopt a more scientific approach to communication. This is particularly important in a time of widespread frustration with mainstream politics, where strong sustainability claims are sometimes attributed to certain parties (cf. Jarzebski and Jarzebski, 2020; Weymouth et al., 2020). By asking about the reasons for unsustainable land use in the past rather than directly addressing the present, political conflicts can be avoided, as experiences from scenario workshops suggest (Ogilvy, 2002; Lindgren and Bandhold, 2003; cf. Ravetz et al., 2021).
3.2 Time series: linking past sprawl and historical statistics
Supplementing a current aerial photograph with participatively generated information is easy to produce but limited in scope. It shows binary differences in construction before and after the Second World War without offering a more detailed temporal resolution. One improvement is to link the urban sprawl data more directly in time with the official population statistics (cf. Koprowska et al., 2020). As the Federal Statistical Office publishes the population data annually, it is possible to form temporal aggregates, e.g., for every 10 or 15 ears. This offers a viable compromise between gaining detailed knowledge and the effort involved in vectorizing land cover information from historical geospatial data.
In the town of Otterberg, we consolidated 15-years time slices into a thematic map (Figure 5), utilizing historical topographic maps (TK 25), aerial imagery, and land surveys from the 19th century. All of these data sources can typically be obtained from the surveying authorities of the respective Länder. Afterwards the raw data was georeferenced by using the open software QGIS Desktop, and then vectorized at relevant time intervals. Basic proficiency in GIS software is necessary for this task. GIS software like ArcGIS Pro, QGIS, or Geomedia are widely used today even in rural municipalities, often for property management or calculating local taxes. The compilation of such information graphics by rural communities seems realistic in this respect, provided there is the political will to do so. While this approach increases the necessary skills and time investment, it provides another significant advantage: In GIS or presentation software, the timestamps of historical settlement areas can be sequentially presented, visually illustrating the onion-like growth of many German villages in an animation. Such animations are an effective way to visualize complex developments over time and demonstrate their impacts (Lewis et al., 2021; Fritsch, 2021).
[image: Map illustrating urban expansion from 1885 to 2010. Different shades indicate growth periods: dark brown for 1885-1900, transitioning to light yellow for 2010. The legend details these timeframes, showing development patterns over time.]FIGURE 5 | Urban sprawl in Otterberg in time slices (own illustration based on historical maps and aerial images). The data was provided by the State Office for Surveying and Geobasis Information of Rhineland-Palatinate. The background map is from OpenStreetMap (openstreetmap.org/copyright).
By using aerial images, one cannot only visualize the increase in impervious surfaces but also highlight significant differences in building density, road structure, and other metrics between the newer zones and the old town within the same municipality. The historic center, embedded in the surrounding landscape, forms a core of the community’s local identity (cf. Çerçi, 2012). Regional building styles and historical building materials together with other distinctive regional features play a central role (see Merino-Saum et al., 2020). Further visual material, like photos, can be used to substantiate this observation.
Over time, the historic center of Otterberg (Figure 6) has become predominantly surrounded by single-family house areas. These newer areas differ significantly from the historic core but are structurally similar to residential areas in other towns. This opens up scope for further questions and discussions that can be considered in a workshop, for instance: Do you agree that the post-war areas in your hometown look in some aspects similar to respective zones in other towns of the region and beyond? Which aspects are this and are they relevant to you? What do you think about the idea that increasing urban sprawl is leading your hometown to lose its identity and become interchangeable?
[image: A scenic view of a quaint village with tiled-roof houses surrounded by lush greenery. A prominent building, possibly a church, is visible in the center. The background features a dense forest under a clear blue sky.]FIGURE 6 | Otterberg mit Abteikirche (by Carsten Stemm from Kaiserslautern, Germany - CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=3825957)
3.3 Village morphologies: visuality and comparability
The utilization of vector-based geospatial datasets also allows for additional dimensions of visualizations, enabling a more specific response to the needs of target groups. The map on the left in Figure 7 differentiates the urban areas in the city of Tirschenreuth by color and assigns them numbers, with the number 8 representing the old town. In the figure-ground diagram on the right, black and white colors were applied to vividly represent the road network and the similarities or differences between the urban districts. Data from the volunteer-run project OpenStreetMap (OSM) was utilized for these analyses (cf. Schlesinger, 2015). The quality of OSM may vary across different investigation sites, eventually being lower in rural areas (Johnson et al., 2016) and for less central data themes (Brückner et al., 2021). For streets and buildings, however, aspects of data quality parameters such as spatial, temporal, and thematic accuracy have been relatively high for years in the German context (cf. Neis et al., 2011; Mocnik et al., 2018). In the case of Tirschenreuth, a quality check with official vector data sets and a comparison with aerial images showed that the use of OSM suits our purpose (Anankeu, 2021). For more extensive requirements, additional Volunteered Geographic Information (cf. Mocnik et al., 2019) as well as cadastral data from state surveying offices like ALKIS (Amtliches Liegenschaftskataster Informationssystem) or official topographic data from ATKIS (Amtliches Topographisch-Kartographisches Informationssystem), which are uniformly modeled across Germany’s federal states, can alternatively be applied. These authoritative datasets are openly available in most federal states (Bill et al., 2022; Happ et al., 2022).
[image: Map showing a city's districts, each in a unique color with numbers one to eleven, overlaid on a gray background. The right side features black-and-white insets highlighting street patterns for each numbered district.]FIGURE 7 | Figure-ground diagram of the city of Tirschenreuth (own representation based on Anankeu, 2021). The town has eleven neighborhoods, which differ from each other in their layout and structure. The left-hand side shows a representation of all neighborhoods, the right-hand side shows a simplified selection in black and white to enhance visual clarity.
Urban characteristics can also be determined by calculation. Urban metrics refer to quantitative measures used to analyze and understand various aspects of urban morphology (Jaeger et al., 2010; Lowry and Lowry, 2014). They for instance include the size or ratio between the perimeter and area of a patch, which refers to a single land cover type in a specific area, e.g., a plot of land in an urban environment. Other metrics include the spatial arrangement of buildings or assess the ease with which people can move through the city (cf. Bartzokas-Tsiompras et al., 2023; Dyer et al., 2024). So far, however, urban metrics have rarely been used in a rural context (Kaminski et al., 2021). In the case of Tirschenreuth, we calculated both basic and advanced metrics that reflect the differences between its urban areas. Building density, for instance, is a basic example that indicates the percentage of total area occupied by buildings within an urban area, such as a development zone. It can be attributed to various geometric properties of buildings, such as the living area, the total floor space, or the building footprint (cf. Peponis et al., 2007; van Nes, 2019). Eventually, the following formula was applied, utilizing OSM data:
[image: Formula showing the calculation of a percentage: the sum of building footprints divided by the area of the development zone, multiplied by one hundred.]
The visual differences between the historic center and the newer areas are reflected here, further enhancing the visual impression. The densities range from low 5.8 (Zone 3) to 21.6 in Zone 8 (old town), with an average density in the city of Tirschenreuth of 15.67 (Anankeu, 2021).
Urban metrics can be presented together with the urban morphology maps in workshops, to deepen the visual impression. Combining visual representation with statistical quantification through metrics can also provide a basis for comparisons with other towns for scientific evaluations or policy briefs. However, it should not be overlooked that creating figure-ground (black-and-white) diagrams in GIS software is relatively easy to implement, while urban metrics require advanced software knowledge and, in some cases, programming skills (see Boeing, 2020). Rural communities probably need additional support for such quantifications, as they are unlikely to be able to manage this with their limited resources (Schaffert and Höcht, 2018).
Questions related to quantification can build on those previously asked. In a workshop, it should also be noted that urban metrics often lack clarity on their own. Therefore, a knowledgeable moderator should provide additional context.
4 DISCUSSION
4.1 Land preservation between accuracy requirements and time constraints
The visualizations and processing steps presented vary in their reliability and must always be considered in their respective local context. Urban metrics, as demonstrated in the example of Tirschenreuth, provide statistically accurate information, but only if a suitable data basis is used (cf. Frazier and Kedron, 2017). Such quantitative information is at one end of a spectrum that ranges from quick, low-cost, and less complex approaches to analyses and visualizations that can only be conducted by GIS experts (see e.g., Meinel et al., 2000). At the other end are simple methods, such as aerial images supplemented by local knowledge, as exemplified in Fürth. Both approaches and the intermediate stages have their place, as they address different target groups, skill levels, and problem depths in the practice of land preservation. The time for achieving the political goals of reducing land consumption is ticking away. Therefore, it should be considered to go public with simple analyses at an early stage, provided that the results are justifiable and the challenges and potential weaknesses are communicated transparently (Kindsvater and Schaffert, 2022). Additionally, local actors should be empowered to generate this information independently, without relying on scientific partners. This underscores the importance of simple and straightforward analyses.
It makes sense to embed the visualizations in workshops in order to demonstrate land use changes to the target groups and initiate discussions. A knowledgeable moderator can make the weaknesses of straightforward analyses transparent. However, it becomes problematic when such visualizations are distributed without explanation or metadata, e.g., in the local press, which can be the case in practice-oriented or transdisciplinary research projects, reaching audiences with limited cartographic literacy (cf. Svatoňová, 2017; Schaffert et al., 2021). Even minor weaknesses in the method that cannot be contextualized and explained by a moderator provide a target for opposing interest groups to exploit, allowing them to question the entire approach and seriously challenge the idea of reducing urban sprawl on site (cf. Siedentop et al., 2022).
The citizen-generated map of Fürth (Figure 3) exemplifies these challenges. It is the result of participatory mappings based on a recent aerial image, but without formal validation, such as cross-referencing with additional historical aerial images. The urban areas delineated for the period before 1945 are likely to have inaccuracies in their geometric shapes. Nevertheless, they illustrate the considerable urban sprawl after the Second World War and thus fulfil their purpose, even if they remain vulnerable to criticism due to these shortcomings. Similarly, the time slices of Otterberg (Figure 5) encounter related issues. They were derived from historical data using a more precise method, which enhances their reliability. However, quality problems are still evident, albeit to a lesser extent. Here, the urban areas were digitally vectorized on the basis of aerial photographs and maps from different periods and iteratively compared with the original data. Nonetheless, the manual delineation method contributed to inaccuracies in the polygonal shapes. Additionally, the lack of consensus on semantics made settlement expansion areas imprecisely classified, with no clear distinction made within residential areas between built-up and non-built-up spaces (e.g., gardens). Against this background, a data quality-oriented approach that addresses semantic consistency and geometric accuracy based on official datasets and application schemas could be more appropriate (cf. Butenuth et al., 2007; cf. Heipke and Rottensteiner, 2020). This would significantly increase the chances of harmonization with existing monitoring systems. Furthermore, developing an automated method for systematically vectorizing data from historical aerial images and maps would enable a well-documented, long-term record of urban sprawl without the delays typically associated with such labor-intensive approaches (cf. Schlegel, 2023). However, while the future direction for improving the method is clear and requires further research, current challenges should not prevent the early public dissemination of simple visualizations that efficiently communicate essential insights (Kindsvater and Schaffert, 2022). Learning sustainability is a process that does not happen overnight. According to Hicks (2002), it should involve “three awakenings - of the mind, the heart, and the soul.” Simple analyses speak to the heart and help arouse emotions, providing an impetus to consider change and new pathways toward a more sustainable future.
4.2 Enhancing local connectivity based on visualizations of urban sprawl
The visualization of long-term urban sprawl aims to engage the emotions of workshop participants. However, the proposed visualizations have not yet been tailored to the various interest groups that can influence land protection in the local context. It therefore seems advisable to develop customised visualizations for local politicians, representatives of the city administration, planners, homeowners, etc. The homeowner’s view, for example, should include their own house and neighborhood, ideally represented in 3D (Schaffert and Sahinkaya, 2024).
Urban planners are unlikely to be fully satisfied with the information graphics presented so far. For instance, the demographic data previously used is only available for an entire municipality, not for individual neighborhoods. This spatially high-resolution level, however, is of particular interest as it reveals developments within built-up areas. In contrast to aggregated data, municipal population registers provide detailed insights at the neighborhood level, even down to specific addresses. However, they also pose challenges in data management and privacy protection (Schaffert et al., 2021). Consequently, the requirements for anonymization are stricter when presenting information to the public than to officials from municipalities responsible for managing the dataset. This raises the following research question: How can we develop and implement customized visualizations of urban sprawl that effectively engage various local stakeholders while overcoming challenges related to data privacy and spatial granularity?
In addition, urban expansion should be linked to further complementary topics at a granular, localized level (cf. Siedentop and Fina, 2010). To enable realistic assessments of housing demand, for example, information on per capita living space, vacancy rates or household figures over time is required. These aspects can be calculated from the aforementioned municipal population register. The necessary processing steps can be automated, which reduces the work involved (Schaffert et al., 2024). However, these automated steps may require on-site quality assurance measures, such as site visits or plausibility checks based on census data. Due to the challenges in managing this raw dataset for municipal planning (see Schaffert and Höcht, 2018), there is still limited empirical evidence of a correlation between urban sprawl and rising vacancy rates in rural Germany (cf. König, 2016). Nevertheless, this approach could provide critical insights into whether future development areas are truly necessary or whether local housing demand could be met by the adaptive reuse of underutilized existing buildings. Establishing such a correlation would provide a valuable new argument for land-saving initiatives in local debates. Additionally, future research should account for the diverse characteristics of spatial settings, including both rural and urban areas, and incorporate different countries when examining the nexus between urban sprawl and demographic transition (cf. Egidi et al., 2020; Smiraglia et al., 2021).
4.3 Challenging growth narratives through comparative case studies
Powerful spatial metaphors and compelling narratives are essential supplements to conventional planning tools and techniques that aim to contribute to a sustainable transformation (Davoudi et al., 2018; Honeck, 2018). The local discourses on urban sprawl, however, are likely to be influenced by established growth narratives. To delve deeper into this assumption, we conducted 10 interviews with residents of post-war era detached houses in Fürth. Initially, local participants assumed that Fürth’s population was growing and had grown in the past. However, when confronted with official population statistics, they expressed profound surprise. Additionally, showing them the aerial image in Figure 3 led some to draw clear conclusions, such as “I’ve always felt that constant new construction is madness, primarily due to environmental destruction. I was not even aware that our population was not growing; it only makes things worse.” Conversely, preliminary discussions with individuals from municipalities in East Germany suggest expectations of population decline. These differences highlight spatial variations in expectations, which might be associated with overarching narratives.
Located in the suburban-rural continuum between the Rhine-Neckar and Rhine-Main metropolitan regions, narratives emphasizing Bergstrasse district’s pivotal role as a hinge between these two conurbations (cf. Lindstaedt, 2006) are well-established in Fürth. However, while some municipalities in this area benefit from proximity and better connections to the metropolitan regions, this advantage does not extend to those that are farther away (cf. Pro Bahn, 2012). To date, comparative studies with other municipalities in this or other regions are lacking. Further research could explore the channels (e.g., newspapers and municipal websites) through which local land-use information is communicated, thus revealing a possible link between narratives, local people’s expectations and their attitudes towards urban sprawl.
4.4 Reflections within the debate on sustainable urban growth management
Causal relationships between urban sprawl and various drivers have been identified in Germany and abroad, including population growth, rising incomes, transport infrastructure expansion, and increased automobile usage (Zakrzewski et al., 2014; Berndgen-Kaiser et al., 2020). Political and institutional influences are also significant, suggesting that urban sprawl is not solely market-driven but shaped by public policies (Siedentop et al., 2022; Behnisch et al., 2024). Weak planning, land consumption subsidies, and support for car-centric infrastructure, alongside inadequate pricing mechanisms, further exacerbate sprawl (Colsaet et al., 2018; Nuissl and Siedentop, 2021). Similarly, the impact of urban sprawl is also manifold and extends beyond the ecological drawbacks outlined in the introduction. In our study areas, limited access to shopping facilities challenges aging in place for residents of single-family home areas built in the second half of the 20th century (social sustainability; Schaffert et al., 2023). Additionally, peripheral land take increases fixed costs for technical infrastructure (e.g., water, sewage), which is typically centralized in Germany’s municipalities, burdening citizens with higher expenses in scenarios of stagnant or declining population numbers (economic sustainability; Schiller and Siedentop, 2005; cf. Höcht, 2016). This diversity of causes and impacts underscores the importance of a comprehensive, judicious governance approach (cf. Hartt, 2018).
Against this background, Siedentop et al. (2022) highlight key aspects of urban growth management (UGM) that public authorities must address to curb urban sprawl. A central aspect is the development of persuasive narratives for sustainable and livable urban spaces, which are essential for garnering public and political support (Siedentop et al., 2022). Our proposed methodology contributes to this claim by providing local representations of urban sprawl, integrated into narratives that challenge the traditional growth paradigm and present viable alternatives at the local level. Another key objective of UGM is aligning land preservation goals with positive outcomes. By focusing on mitigating urban sprawl (quantitative growth) in workshops, we can shift attention to qualitative growth through inner development, such as repurposing vacant properties or revitalizing brownfields, highlighting its positive sustainable side effects. Finally, UGM requires multi-level governance, cross-sectoral policy coordination and a regionally coordinated mix of land management instruments. Our approach targets local initiatives that are transferable and can ideally be implemented across multiple municipalities within a region. However, this requires coordinated efforts between municipalities. Therefore, the method should be embedded within a regionally coordinated strategy and incorporate regional planning experts (Wahrhusen, 2021).
5 CONCLUSION
Urban sprawl is a significant challenge in the context of climate change, and the timeframe for achieving political goals to reduce land consumption is gradually narrowing. The reality of local land use clearly shows that the goals set by the federal government to reduce urban land consumption are not yet a priority for municipalities in Germany. Although a variety of tools for preserving land are well-known, these are rarely used at the local level. Therefore, a shift in perspective must occur first before local authorities can be expected to take effective measures to preserve land. Additionally, it is crucial to involve the local public more directly and raise awareness about land consumption.
This paper aims to make people more aware of the extent of long-term urban sprawl through engaging visualizations, and to encourage them to question and reflect at a local level. The proposed methodology involves the use of historical geospatial data, such as aerial photographs and pre-satellite maps. By identifying relevant data, processing steps, and adaptable presentation formats, emotional reactions are to be evoked and discussions stimulated. The visualizations are designed as an integral part of transformation workshops, where depictions of land consumption will be linked with demographic information and discussed in the context of their impacts. The feasibility of the method and the significance of this connection were demonstrated in three rural municipalities with a noticeable disparity between a population that has been growing at best minimally for decades and considerable urban sprawl. The outlined approach contributes to implementing the first step of a “spatial degrowth agenda for planning in the face of climate emergency” by anchoring current degrowth debates in their historical-geographical context on site (Kaika et al., 2023). Further research to refine the methodology should focus on balancing the quality of results with the time required for advanced visualization techniques, identifying local connectivity through the visualization of urban sprawl, and questioning growth narratives through comparative case studies. Such future studies should ideally be applicable at different levels and scales - (inter)national, regional and local. Furthermore, the method should be made compatible with recent monitoring systems. While existing systems are designed for national or European applications, the proposed approach also enables local-level implementation. Since the method is based on process steps that can be realized in municipalities and open geospatial data, which is increasingly being made publicly available in countries like Germany, it can be scaled up and applied more efficiently in the future.
However, it is important to recognize that the next critical step in implementation is not the further development of geospatial data processing, but rather the establishment of open local workshops for all citizens. These workshops aim not only to raise awareness of the issue and the historical-geographical extent of local urban sprawl but, more importantly, to facilitate the collaborative development of local land use strategies. In a democratic societal structure, such workshops involve public authorities and local community groups working together to determine the future direction of urban development. Therefore, they should receive much greater attention in strategies for reducing urban sprawl and achieving respective land preservation targets in Germany. The hope is that, through this approach, the growth paradigm of public authorities can be transformed into more sustainable forms of settlement development.
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Many regions in Australia have experienced substantial damage to their natural, social, and environmental infrastructure from natural hazards. The scale and impact of these events have increased in recent decades due to the growing exposure and vulnerability of larger populations, economic activities, and infrastructure (both built and natural), as well as the intensification of natural hazards induced by climate change. Despite the increasing challenges, there is still limited investment in building resilience. Moreover, many local governments throughout Australia lack the necessary technical capabilities, knowledge, and funding to ensure the reliable ongoing delivery of essential services to communities, much less to identify, assess, and implement resilience interventions. The implementation becomes more challenging in the case of Nature-based Solutions for disaster resilience and climate adaptation where there are significant gaps in understanding and evidence of their effectiveness in the short and long term. This study proposes a discursive, place-based, and cross-scale approach to overcoming these challenges and enabling councils to develop resilient investment cases (RICs) as part of regional planning processes involving local governments, research institutions, and private sector stakeholders. The approach involves: collectively identifying values and vulnerabilities in a hazard-prone region in south-east Australia; prioritizing focal infrastructure asset types for investigation, in this case transport but relevant to all forms of critical infrastructure including nature; identifying suitable interventions for resilience planning under scenarios of change; and formulating RICs by assessing the effectiveness, costs, and benefits of bundles of resilience interventions under scenarios of change. We present the approach as applied in the Bega Valley Local Government Area which is highly exposed and vulnerable to impacts from natural hazards. Insights and lessons from the case study are applicable to a range of critical infrastructure types, including nature-based solutions (green and blue infrastructure), as well as other regions in Australia and abroad that require resilient investment planning.
Keywords: hazards, vulnerability, services, value creation, communities, Australia

1 INTRODUCTION
It is becoming increasingly clear that mitigating the physical risks of climate change and extreme weather events is an urgent priority, especially for vulnerable regions and communities. Climate-driven exacerbations of hazards have heightened the exposure of natural, social, and infrastructural assets. Meanwhile, changing demographics, population growth, and decisions regarding the location and design of settlements have intensified vulnerabilities and increased the value of assets at risk of disruption. The speed, scope, and scale at which people, places, and values are being impacted by intensifying natural hazards are redefining the need for “resilience”1 planning and investment in regions (Alexander, 2013; Aldunce et al., 2014; Walker, 2020).
It has become difficult, however, for individual agencies, jurisdictions, or sectors to effectively diagnose and manage the complex and interconnected causes of climate and disaster risks (Buchtmann et al., 2023). These difficulties stem from numerous institutional, procedural, and methodological barriers that limit the ability of prevailing risk, economic, and financial assessment and management approaches to consider systemic climate risks and resilience. Some of these key limitations include:
	1. Widespread lack of understanding and evidence of how investment plans should be designed to not only mitigate risks and enhance community resilience but also be attractive for public and private sector funding and finance (Hallegatte et al., 2020; Omukuti, 2024).
	2. Deficits in human and technical competencies and capabilities (including significant data and modelling gaps) in assessing uncertain changes in hazards, exposure and vulnerability under a range of plausible futures and across heterogeneous regions. These limitations are particularly acute at the local government level, where the main responsibilities lie in managing assets and sustaining the provision of essential services (Butler et al., 2015).
	3. Prevailing planning and investment approaches are generally siloed within sectors, domains, and departments, which constrains mandates and dis-incentivises consideration of cross-cutting issues and systemic risks (Gorddard et al., 2016).
	4. The prevalence of “asset-focused” or “owner/user” focused approaches that ignore i) the cross-scale issues associated with climate change, ii) the systemic causes of vulnerabilities in assets, and iii) the wider cascading effects of the services provided by assets (Chaudhary and Piracha, 2021; Wise R. M. et al., 2022).
	5. The generally narrow interpretation and adoption of the concept of “place” in planning and investment decision-making tends to concentrate on assets while often neglecting a fundamental principle of resilience thinking. This principle underscores the necessity of considering scales above and below the focal scale of “place” (Walker, 2020) and must be understood in the context of the scale at which resilience services are needed (World Bank Group, 2021).
	6. The emphasis on avoided costs, which is rooted in the idea of value protection rather than value creation, that underpins business cases advocating for investing in resilience. Risk reduction and resilience strategies often struggle to align with business-as-usual (BAU) investment rationales because they typically involve higher initial costs and yield benefits that are delayed, discounted, dispersed, and uncertain in relation to resilience interventions (Mortimer and Lee, 2020).
	7. The adoption of narrow economic optimisation frameworks (i.e., profit maximisation, cost minimisation) and measures (e.g., benefit-cost ratios, rates of return) coupled with single scenario pathways. The single scenario option, even when assessed through more elaborate economic tools (e.g., Social Cost-Benefit Analysis) for investment decisions, often constrains the problem framing and the solution space (Tasri et al., 2021; Lempert, 2014).

The consequence of these limitations is that regions are locked into vicious cycles of disruption, repair, and recovery back to BAU (Maier et al., 2016). There is little incentive or capacity to access investments aimed at interrupting these vicious cycles by identifying more strategic and innovative interventions that mitigate disaster risks and create value through resilience. This poses significant challenges for local and regional authorities, which encounter severe funding shortages and rapidly escalating costs (Zhang et al., 2020; Dickman, 2021; Ahmed and Ledger, 2023; Cook, 2024). Even when there is a desire to invest in climate-resilient planning or adaptive capacity, there are few established frameworks or legislated requirements.
Federal and state governments in Australia have recognised the urgent need to reform and enhance the nation’s capabilities and investments in adaptation and resilience planning and practice (NEEMA, 2024a), aligning with the Sendai Framework for Disaster Risk Reduction 2015–2030 and its emphasis on improved risk governance and investment in risk reduction (UNDRR, 2,107). Some of these responses have included the creation of the Disaster Ready Fund (NEEMA, 2024a), the Drought Resilience Fund (DAAF, 2025), the reform of the National Disaster Recovery Funding Arrangements (NEEMA, 2024b), the development of the second National Action Plan to implement the National Disaster Risk Reduction Framework (NEEMA, 2024c) and the establishment of the Hazards Insurance Partnership (NEEMA, 2024d). Foundational to all of these is the principle that interventions in resilience and adaptation need to be place-based, tailored to local and regional contexts, and informed by local values and priorities (Buchtmann et al., 2023; CEEW, 2024).
In this context, our study aimed to enhance the capabilities of local governments and stakeholders to conduct multi-scale, place-based risk and resilience assessments of natural and built infrastructure assets amid uncertain changes in climate and socio-economic trends, thereby informing strategic planning, prioritisation, and investments. Critical elements of this capacity building also involve exploring and trialing governance arrangements that could enable multiple LGAs and state agencies to coordinate their efforts more effectively. The concept of resilience investment at the regional level is enhanced by fostering collective understanding and strengthening capabilities through the involvement of a broader group of stakeholders, particularly local governments, in decision-making.
Asset management decisions are generally based on factors such as user feedback, condition, usage, age, and eligibility for public grant funding. This approach tends to reinforce existing short-term strategies that maintain the status quo, thereby limiting opportunities for restoration or enhancements that could build resilience. Consequently, expanding the decision-making process has been identified as a key priority. This expansion would allow for more holistic evaluations of interventions that not only protect existing value but also create new value for a broader range of beneficiaries beyond just direct users and asset owners. This includes making a case for investing in enhancements to natural and built infrastructure based on evidence of delivering multiple objectives and sustaining the serviceability of interconnected asset networks across various scales, rather than focusing on individual assets or specific locations (e.g., a plot of land). By doing so, our approach seeks to overcome the seven barriers mentioned above by moving away from traditional asset management practices and redefining how resilience interventions are identified and implemented to foster place-based resilience and scalability.
We present the case study of Bega Valley Shire, situated along the southeast coast of Australia. This region exemplifies many large heterogeneous coastal areas across Australia facing increasing levels of exposure and vulnerability to intensifying natural hazards due to climate change, while also struggling to secure adequate funding and finance for resilience investments. Although the Shire Council is responsible for managing a range of asset types—including natural, social, economic, and built infrastructure—to ensure the reliable supply of critical services, this project could only concentrate on one asset class due to its scope and funding limitations. Early discussions and analyses of the Shire Council’s priorities suggested focusing on transport infrastructure as the central infrastructure type.
Notwithstanding this focus on transport (built) infrastructure, the approach developed and demonstrated in this project is transferable and applicable to all forms of critical infrastructure, including Nature-based Solutions (NbS) approaches. This is because nature can be viewed as a form of critical infrastructure – green and blue infrastructure (terrestrial and aquatic, respectively) – that also provides critical services to support the functioning of social and economic systems (Lim and Xenarios, 2021; Kernaghan and Sturgeon, 2024). Healthy and biodiverse natural environments, for example, have higher capacities to absorb disruptions and respond (adapt or transform) to changes than degraded ones, providing climate adaptation and disaster resilience services to people (Colloff et al., 2016; 2020; Walker et al., 2023). The parallels between green-blue and built infrastructure also extend to their investment challenges, requiring sustained and structured investment and management to prevent degradation and support regeneration. Yet, both struggle to realise benefits in the short term and to demonstrate benefits across various scales. This is particularly true for natural ecosystems and interconnected physical infrastructure, such as road networks, where the benefits experienced by individuals are often realised at great distances from the locations of the assets, mediated through the flow of materials and value along interconnected networks supported by this infrastructure (i.e., benefits can be diffuse and challenging to measure) (AIIB, 2023). For instance, a bridge offers value not only to the two pieces of land on either side of the river that it connects, but also to local, regional, and even national transport, which is a critical service underpinning social, commercial, and emergency management. Similarly, vegetation-covered catchments and riparian zones reduce runoff and erosion, improving water quality and reducing river flow velocity, leading to significant benefits downstream in terms of reduced risk of disasters and water storage and treatment costs. Many of the values and the benefits of investment in resilience that protect, sustain and potentially grow the value of services supported by transport or nature are hidden and typically not factored into investment decisions for resilience. These were key issues identified by the Bega Valley Shire Council that are hindering their ability to develop competitive business cases for investing in transport infrastructure across the expansive area of the Shire. These parallels indicate that the approach and insights presented in the manuscript regarding transport are easily comparable and transferable to natural capital and nature-based solutions for developing resilient investment planning on a regional scale. We also acknowledge the emphasis attributed to this Special Issue on NbS for climate change adaptation, and in this regard, we aimed to demonstrate how the proposed approach can apply to natural and built infrastructure.
The project was conducted between January 2023 and August 2024 as a partnership between the Bega Valley Shire Council and Australia’s national science agency, the Commonwealth Scientific and Industrial Research Organisation (CSIRO). It was implemented through a range of engagement activities (i.e., interviews, meetings, focus groups and workshops) and was underpinned by a theory of change and monitoring, evaluation and learning framing. Details about the context and the methodological approach are provided in the next section, followed by the results section, which illustrates some key insights, products, and outcomes created through the project activities. The results are discussed in the final section to emphasise the lessons learned regarding the approach’s effectiveness in addressing key challenges associated with assessing and demonstrating the benefits derived from coordinated strategic investments of widely distributed interventions across networked (natural and built) infrastructure assets. The parallels and implications for natural capital and nature-based solutions are identified and reviewed.
2 MATERIALS AND METHODS
2.1 The case study of Bega Valley Shire
The Bega Valley Local Government Area (LGA) is situated in the southeastern part of New South Wales (NSW) state. It is the largest LGA in NSW, with a territorial area of 6,280 km2. The Bega Valley LGA encompasses the largest mountainous range in the country, and is therefore characterised with escarpments, plateaus, and coastal slopes and plains (Brierley and Fryirs, 2000). The range also delineates an extensive network of water basins in eastern Australia. This network encompasses the Bega River, which has a catchment area of 1,040 km2, covering a significant portion of the Bega Valley LGA. The river drains the upland areas and ultimately discharges into the southern Pacific Ocean after merging with other tributaries. The region receives an annual rainfall of 750–1,000 mm/year, proportionally increasing in the fall and winter seasons (BOM, 2024). However, acute precipitation events have been recorded every season in the last 4–5 years, largely due to the La Nina phenomenon, which has caused wetter conditions in eastern Australia since 2020. The recurrent flood incidents have become more pronounced in the lowlands and the coastline area, which stretches for 225 km and hosts several tourism activities and seasonal accommodations.
The Bega Valley has a relatively low (∼35,000) and dispersed population compared to other LGAs in NSW state. Two-thirds of the population live in four towns, where Bega town is the major service hub with a population of 4,368 (in 2021), and the rest of the population is distributed over 12 villages and smaller settlements in rural areas, with much of the population located in small settlements on the coastal fringe. The relatively low population is partly due to the natural landscape, mostly covered (80%) by national parks, state forests, and public reserves, while the lower plains are used for farming. The local economy relies on the forestry industry, agriculture, and manufacturing; however, a large portion of revenues, reaching almost AUD 400 million in 2022, is derived from the over 800,000 annual visitors to Bega Valley (BVSC Resourcing Strategy, 2023a). Figure 1 presents the structure plan of the Bega Valley LGA, as well as the different sites and services provided in the region.
[image: Map showing a section of the New South Wales coastline in Australia. It features hiking trails, cities, roads, and various landmarks with a detailed legend indicating symbols for accommodations, lookouts, parking spots, and other amenities. The scale is fifty kilometers, and significant features include coastal walks, national parks, and towns from Sydney to the south. Various marine life icons are depicted near the shoreline.]FIGURE 1 | Structure plan of Bega Valley Shire on the southeast coast of Australia. Source: BVSC Instement Prospectus, 2023.
The biophysical characteristics and location along the southern Pacific Ocean expose the Bega Valley LGA to intense weather patterns and natural hazards. Over the last decade, the region has experienced a series of compounding natural hazard events encompassing the unprecedented bushfires that took place over a vast geographic area in 2019–2020, which was followed by 4 years of multiple flooding and coastal inundation events (Kemter et al., 2021). These have led to significant deterioration of critical infrastructure and damage to transport networks across the entire LGA. The LGA has been declared a disaster area approximately 30 times over the last 5 years (2019–2024). The impacts of floods and other hazards (bushfires, landslides, sea-level rise) have significantly affected the local economy, particularly the tourism sector (Bega Community Strategic Plan, 2023b).
There is a major effort from the local government (Bega Valley Shire Council- BVSC) to address the exposure and vulnerabilities of its settlements, infrastructure and communities to climate-induced hazards by developing climate resilience strategies and asset management and financial plans in consultation with relevant stakeholders. For example, the Bega Valley Shire Climate Resilient Strategy 2050 (BVSC Climate Resilience Strategy, 2050) stresses the importance of enhancing its natural, built, and social capital and the significant challenges due to repeated damage and degradation of these from recurrent bushfires, estuarine floods, and landslides. The Climate Strategy provides guidance to asset management and financial planning on maintaining its critical infrastructure assets to ensure the reliable delivery of services to the local community.
The asset classes with the highest capital and maintenance costs are: transport infrastructure networks (e.g., roads and bridges), water supply and sewage infrastructure networks, and parks and recreation (BVSC Community Strategic Plan, 2023b). Indicatively, roads and bridges account for the highest proportion of annual maintenance costs (52% of the total LGA’s expenses), with water and sewage infrastructure second at about 26%, and natural parks and recreational infrastructure accounting for about 11% of the annual budget.
2.2 The process of enabling resilience investment in Bega Valley Shire
Increasing the amount of investments in infrastructure resilience at the local level necessitates coordinated changes in LGA’s decision-making processes regarding evaluating risks, resilience, and investments in their social, natural, and built infrastructure assets. These changes need to occur in prevailing organisational practices, policies, priorities and knowledge (i.e., the types of knowledge considered in decision-making processes and capabilities to generate or access these) to overcome the limitations outlined in the introduction (Gorddard et al., 2016; Hallegatte et al., 2020; Patel et al., 2020; Barrett and Chaitanya, 2023).
A participatory, multi-scale, place-based approach was used to identify the values and vulnerabilities of infrastructure assets across the Bega Valley Shire and create investment options and pathways for local and regional actors to implement to mitigate risks and enhance resilience. The approach comprised three phases of activities involving iterations of stakeholder engagement (i.e., information and data gathering) and analysis, as illustrated in Figure 2, and will be more thoroughly described in the following sub-sections. The phased approach adopted in the project was informed by the Enabling Resilient Investment (ERI) initiative (Wise R. M. et al., 2022). The ERI initiative is an applied, systems-based R&D framework in Australia introduced in various regions. The ERI involves methods and processes for: i) collectively developing understandings of the interacting root and proximate causes of vulnerability of people, infrastructure, and services to natural hazards, and ii) generating multiple options for mitigating disaster risks, building resilience, and informing adaptation and investment pathways for local communities under scenarios of change.
[image: Flowchart illustrating a process from inputs to outputs across three phases. Inputs include vision, economic growth scenarios, and hazard analysis. Workflow involves multiple workshops and analyses, leading to decisions and additional workshops. Outputs include identification of value interventions, resilience service needs, and draft resilience project concepts. Phases are: 1) Identifying patterns of vulnerability and resilience needs, 2) Prioritizing resilience services and funding pathways, 3) Refining and embedding project processes.]FIGURE 2 | Roadmap of developing Resilient Investment Cases in Bega Valley Shire. Source: Authors.
Central to the ERI methods and practices is adopting investment, systemic risk, and value creation perspectives throughout the engagement, assessment, and implementation activities, ensuring that these are carried out with a focus on place, including the multi-level and multi-scale dimensions of that place. The ERI approach draws upon almost two decades of applied R&D activities in complex settings applying and developing innovative approaches to systems thinking, resilience, climate adaptation, sustainability and transdisciplinary science, and knowledge co-production (Wise R. et al., 2022). More information on the ERI approach and its theoretical foundation can be found in Supplementary Material S1.
The three phases of the approach developed in this Bega project were focused on: a) collaboratively assessing vulnerabilities and resilience service needs across the region to generate options and opportunities for mitigating risks and building resilience (workshops 1 and 2, Figure 2); b) exploring pathways to funding through the development of resilience investment cases (workshop 3, Figure 2); and c) co-designing proposed investment cases and exploring mechanisms for incorporating the approach into the Council’s operational structures and processes (workshop 3, Figure 2).
The first workshop targeted senior management from the Bega Valley Shire Council (BVSC) who are involved in decision-making. We also invited individuals from BVSC who focus on finance, asset management, planning, and data analysis, as they play a crucial role in enabling local policies in the region. Additionally, representatives from various local associations, community groups, utilities, emergency services, and the business sector were invited to the workshop to better comprehend the background situation before initiating the resilience investment planning process. We included neighbouring LGAs and relevant state government agencies to broaden perspectives and foster collaboration. This approach aimed to enhance understanding and build capabilities across the region, facilitating the future scaling of our strategy. First Nations groups from the Bega Valley Shire were also invited to participate, showcasing existing interventions for hazard prevention, particularly regarding bushfires through prescribed burning, often referred to as “cultural burning” or “cool burning.” Indigenous communities have employed this practice for thousands of years to maintain healthy ecosystems and biodiversity, typically involving smaller, cooler burns conducted at specific times of the year (Smith et al., 2021).
In the second and third workshops, we focused on narrowing the participant groups by placing greater emphasis on representatives from BVSC, the utility, and the business sectors. The aim was to gradually identify and develop interventions for resilient investment planning by assessing their impacts on utilities and essential business activities. The same individuals from BVSC, utilities, local government, and businesses were invited to participate in all three workshops. The workshops were held from September 2023 to March 2024 and took place approximately every 2 months to allow for reviewing, analysis, and preparation arrangements.
2.2.1 Workshop 1- understanding the context of values, vulnerabilities, and options for resilience
The primary objective of Workshop 1 was to reach a consensus regarding a vision for a climate-resilient Bega Valley and identify the areas of value and vulnerability within the Bega Valley Shire. The first workshop was composed of 34 participants from 18 different organisations, including representatives from the Bega Valley LGA - consisting of nearly half of the participants (15), local community representatives from environmental and emergency management associations (4), neighbouring councils (5) and state government (NSW) (3), utility services (telecommunications and energy) (3), industry (dairy, oyster farming, tourism) (2), and academia (1). The representatives of the First Nations have not participated in person in the first and the other workshops; instead, their viewpoints on values, vulnerabilities, and resilient interventions have been conveyed through the Council, which conducts regular meetings with the relevant groups. Six roundtables with equal numbers of facilitators were set up to identify current and future values and vulnerabilities in the Bega Valley region. We drew upon visions previously developed by the BVSC related to economic development, circular economy and climate adaptation to help participants reflect on the values important to the community, particularly in the context of sustaining livelihoods under increasing climate and disaster risk (BVSC Climate Resilience Strategy, 2021).
A multi-hazard risk analysis was conducted to identify the most exposed and vulnerable areas and infrastructure assets (hotspots) to natural hazards across the region at the time of workshop (2023) and over the next 35 years under a changing climate. The time horizon of 35 years (2023–2058) was chosen to align with the investment horizon of investors motivated to create beneficial outcomes for people and place in the short to medium term. This is commonly used for socioeconomic scenarios and climate projections when evaluating investment decisions (Bryan et al., 2016; Szetey et al., 2021).
The multi-hazard assessment was based on the extent and measure of intensity of bushfire, estuarine inundation, and riverine floods, using the best available publicly accessible datasets from the NSW government. The data showed significant variability in how hazards were expressed. Indicatively, flood data indicated the extent of flooding for different recurrence intervals, bushfire hazard levels were classified based on vegetation type, while estuarine inundation data displayed inundation extents corresponding to various sea level rise scenarios. To establish a common hazard index, each hazard was categorised into levels of susceptibility (low, medium, and high), further developing an aggregate multi-hazard susceptibility index comprising nine susceptibility levels. The intention was to enable workshop participants to visually perceive (on printed maps) and discuss the relative hazard susceptibility levels across the Bega Valley region without resorting to overly technical terminology. Initially, the workshop participants were presented with single-hazard maps to examine the impacts of each hazard on the region, followed by printed versions of the maps that illustrated the multi-hazard susceptibility index. More information on the approach used to assess hazard susceptibility levels is presented in Supplementary Material S2.
Two exploratory socioeconomic scenarios were also developed for Bega Valley Shire, depicting two plausible futures for the welfare and livelihoods of people in the region. Exploratory scenario analysis is widely used in situations experiencing large and uncertain changes in socio-economic conditions and spatial organisation due to complex interacting drivers such as geopolitical dynamics, migration and demographic change, climate change, and energy transitions (i.e., technological disruption) (O’Neil et al., 2020; Wise et al., 2024). The first socio-economic scenario described a future of high population growth in regional NSW driven by the assumption of high levels of climate-driven refugees, which stimulates economic growth and regional investments in Bega Valley LGA. The second scenario depicted a lower population growth in NSW and a trend of investments being diverted into growing megacities, resulting in economic degrowth in the Bega Valley LGA, and other regional areas across NSW. The data sources for the scenario development were derived from the BVSC reports, which included strategies, planning, and evaluations. We also introduced elements from the Plausible Divergent Futures scenarios created by the New South Wales Department of Premier and Cabinet to reflect population, migration, employment, industry, and settlement patterns within the state and wider Australia (NSW, 2023). Another source came from scenarios developed in community workshops organised by CSIRO in Bega Valley LGA in 2021 to comprehend the social sentiment in the aftermath of the black summer fires in 2019/2020. A more detailed description of the data sources is presented in Supplementary Material S3.
The participants of Workshop 1 were asked to identify current (2023) and future (2058) values and vulnerabilities based on understanding single and multi-hazard susceptibility and the two different socioeconomic scenarios. The values were intended to represent the participants’ most significant individual and community-related aspects by also underlying their concerns about climate-induced hazards. The participants were also encouraged to plot the current and future values and vulnerabilities on the multi-hazard maps provided in the workshop.
The findings from Workshop 1 were geocoded to establish spatial reference points for the valued elements and vulnerabilities identified by participants. Following this, additional information gathered through the project team’s synthesis and analysis was linked to the geocoded locations. The geocoded data regarding valued elements and vulnerabilities, alongside the hazard data layers and other contextual information such as demographics and council infrastructure, were visualised in GIS format and analysed to determine spatial patterns and hotspots of exposure and vulnerability. This and other sources of information, such as strategic economic development priorities and climate adaptation actions, were utilised to determine the needs for resilience services.
We further organized the values and vulnerabilities into different pattern to better understand the significance assigned by the participants to various components and to identify potential similarities and common trends throughout the region. The patterns were used to define the nature of the resilience issue–a connectivity issue, a servicabilty issue, or an issue stemming from a demographic or economic driver. The identification and classification of the patterns were data-driven, using the values and vulnerabilities captured in the workshop. There was also a cross-checking with the relevant literature on patterns development and hazard risk management to better align with similar theoretical frameworks (Ward et al., 2020; Sung and Liaw, 2021). The patterns’ frequency was further aggregated and standardised (0–1) to detect the significance attributed to each of the above classifications. Using both value and vulnberabilty, the pattern frequency and location in the Bega Valley, the spatial hotspot data together with the LGAs strategic objectives to meet resilience service needs, four areas with the highest current and future vulnerability and impact on community services were identified. These areas were demarcated and printed to be reviewed by the participants in the second workshop.
2.2.2 Workshop 2 – Evaluating and expanding set of interventions to address resilience service needs
The primary aim of the second workshop was to identify and prioritise interventions that would decrease exposure and vulnerability in the four hazard-prone areas defined in the first workshop. The workshop comprised 31 participants, with the majority (22) derived from BVSC. Representatives from the state government (New South Wales, four participants), utilities (3), and the business sector (3) were also involved. This workshop provided an opportunity to present participants with all the data and insights—particularly the patterns of vulnerability and the identified service needs—gathered from the first workshop. Participants were encouraged to contribute values and vulnerabilities that might not have been highlighted in the first workshop and propose interventions to address the service needs of communities and mitigate vulnerabilities. They could suggest more resilient infrastructure (e.g., enhancing the road network) or management aspects related to NbS approaches (e.g., improving vegetation management).
The participants were asked to indicate the proposed interventions on the maps in the four suggested areas identified in Workshop 1. The final list of interventions was organised according to the resilience enhancement objectives proposed by the workshop participants, as shown in Table 1. The interventions were also categorised by asset types to provide a more detailed description of each intervention’s characteristics.
TABLE 1 | Types of interventions and assets for reducing disaster risks and building resilience in Bega LGA.
[image: Table outlining intervention strategies and infrastructure types. Categories include Asset Hardening, Service Hardening, Asset/Service Reliance, and Systemic Changes, with descriptions of their purpose. Listed infrastructure types: roads, energy systems, water supply, nature-based solutions (NbS), communication systems, community facilities, and large infrastructure. Sources cited: Authors.]We subsequently developed a set of criteria to assess and prioritise the four candidate service need areas identified in Workshop 1, based on the evaluation of the proposed interventions in each area. The rationale for the area prioritisation was that the Council wished to concentrate on two areas by also narrowing down the potential interventions for each area due to budgetary and human capacity constraints.
In assessing the four candidate areas, we introduced criteria related to the potential improvement of resilience to hazards through interventions in each area and the economic benefits and co-benefits that may result from their implementation. We also developed criteria to capture the alignment of the suggested interventions with the strategies and plans of the Bega Valley LGA and the wider region. Another set of criteria responded to the technical feasibility of the suggested interventions as adequate responses to hazard-prone and vulnerable service-need areas. The relevance of the criteria was documented through a) regional, national and federal policy documents of Australia assessing place-based interventions for hazard risk reduction (BVSC Delivery Program, 2022b; BVSC Community Strategic Plan, 2023b; Victorian Government, 2021; NSW, 2022; NSW Department of Planning and Environment, 2022; CEEW, 2023), b) literature review (Ishiwatari and Surjan, 2019; Newth et al., 2021; Jones and Tubeuf, 2022; Okuda and Kawasaki, 2022; IMF, 2024) and c) input from the second workshop on the suitability of suggested interventions. The criteria evaluation was based on feedback for the suggested interventions during the second workshop and input from experts at CSIRO and BVSC with knowledge of disaster risk management. The criteria developed for evaluating the candidate service-need areas are presented in Table 2, which also displays a brief description and the data source.
TABLE 2 | Evaluation criteria for assessing the interventions in hazard-prone areas of Bega Valley LGA.
[image: A table lists criteria for evaluating potential interventions, with columns for "Number," "Criteria," "Criteria Description," "Data Source," and "Assessment." There are twelve criteria, including "Risk Reduction and Resilience Benefit," "Co-benefits across Movement Scales," and "Community Acceptance Social License." Each criterion has a description, relevant data sources such as literature review (LT) and workshops (WS2), and assessments by CSIRO/VAP and BVSC. The table facilitates understanding of how each criterion contributes to decision-making processes.]The ranking of the four service-need areas and the groups of interventions was conducted through the Visual PROMETHEE software, which combines the PROMETHEE multicriteria outranking method with Geometrical Analysis for Interactive Assistance (GAIA). The suggested approach has already been implemented in various fields like energy, manufacturing, building materials and transportation for the prioritisation of options and solutions on research and development initiatives (Macharis et al., 1998; Anagnostopoulos et al., 2003; Dagdeviren, 2008; Prvulovic et al., 2011; Nasiri et al., 2013). In disaster risk management, the outranking PROMETHEE method is proposed as suitable because of its ability to cope with heterogeneous criteria affecting hazard-prone areas, simplicity, ease of use, and transparency of the outranking process. In addition, there is a wealth of literature on the integration of multicriteria techniques with spatial analysis for the selection of place-based solutions, as occurred in our study (Mareschal and Brans, 1988; Malczewski, 1999; Marinoni, 2005; Knezic and Mladineo, 2006). For the assessment of interventions in the four hazard-prone areas of Bega Shire, we considered equal weighting among all criteria to avoid the asymmetrical influence of certain criteria over others.
2.2.3 Workshop 3 – identifying opportunities to create value
The third workshop was attended by a smaller number of participants (23), with the majority (15) representing BVSC and also participating from neighbouring local governments (3), New South Wales state government (2), and utilities (3). The areas prioritised using the PROMETHEE multicriteria outranking method were presented in the third workshop, along with lists of interventions included in each area. The interventions were geolocated on maps, and the participants were requested to provide more detailed information on the features of each intervention (e.g., exact location, material, and capacity). The potential interdependencies between interventions were also explored (e.g., improving vegetation management to mitigate the risk of bushfire impacts by considering eco-tourism related activities).
The participants were then asked which interventions could address the resilience service needs of each area, while also benefiting the wider Bega Valley Shire by developing economic opportunities and creating value within the community. The opportunities refer to potential investments that can be created due to the realisation of an intervention or a combination of interventions and have the potential to add economic value. The interventions could contribute to creating a direct economic opportunity (e.g., increased property values because of improved road network) or indirectly through other assets and services developed (e.g., new bicycle lanes alongside the roadway or wildlife crossing due to the road widening intervention). The interventions were suggested for a period of 35 years (2023–2058) to coincide with the socioeconomic and climate scenarios developed in the previous workshops. For the assessment of the economic opportunities emanating from the suggested interventions, we developed a valuation framework as presented in Figure 3.
[image: Flowchart illustrating a process for analyzing benefits and costs. On the left, "Benefits Analysis" includes inputs like amenities, mitigations, and interventions. These lead to "Interim Outputs" such as value created and avoided damages. In the middle, "Adjustments to assess Resilience" involve factors like delivery timing and cost escalation, leading to "Gross Outputs" with benefits of investment. At the bottom, "Costs Analysis" covers capital and operational costs, resulting in "Gross Outputs" for costs of investment. Arrows indicate the flow of information between sections.]FIGURE 3 | Valuation and cost-benefit analysis framework used to assess and inform resilient investment options and pathways in Bega Valley Shire. Source: Authors.
On the cost side presented in Figure 3, we initially estimated the incurred costs for developing the relevant project (e.g., construction of a new bridge with reinforced concrete). BVSC asset and infrastructure management experts provided capital (CAPEX) and operational (OPEX) expenditures for each intervention. We further introduce the terms “value at risk” and “value potential” to identify the benefits created through potential opportunities that could be created by reducing hazard susceptibility or vulnerability or enhancing resilience at a regional scale. The value at risk (VaR) is widely used in the insurance sector to identify the amount of possible financial losses in a certain time period and the probability that the defined loss will occur (Basak and Shapiro, 2001; Abad et al., 2014; Li et al., 2017; Richards, 2021). In our case, VaR represented the product of the probability of a hazard occurrence in Bega (over the 2023–2058 period) and the potential averted costs due to more resilient standards. In other words, an economic opportunity based on the suggested resilient interventions could decrease the expected damages from future hazard occurrences and essentially create benefits for the local community. We used a cost-avoidance approach to evaluate the benefits of reducing damages in the suggested interventions. The hazard occurrence probabilities in the region were provided by a firm conducting climate risk analysis through the estimation of hazards and extreme events based on downscaled climate scenarios (XDI, 2024).
The “value potential” was captured through benefit-transfer analysis by introducing hypothetical market values (Willingness to Pay-WTP) estimated from areas and communities experiencing similar conditions (Schrödl and Turowski, 2014; Colombo et al., 2023). The WTP values accounted only for the potential benefits to residential communities in the Bega region due to the lack of available data for other assets and services. We also introduce elements from Collaborative-Valuation-Frameworks (CVCs) to assess the rate of agreement of the BVSC participants on the benefit transfer analysis and the capturing of other economic values proposed by their side (Austin and Seitanidi, 2012; Brozović and Tregua, 2019). We further assessed the benefits of the construction phase of the relevant interventions (e.g., employment, accommodation of working force) through a gross-margin analysis (Nariswari and Nugraha, 2020; Evmenchik et al., 2021).
In Table 3, we present the most prevalent categories related to value at risk and value potential for disaster risk reduction and resilient investment planning in Australia, along with the assessment techniques usually applied to capture the relevant values (Infrastructure Victoria, 2016; PwC, 2017; Victorian Government Value Creation and Capture Framework, 2021; AIDR, 2024). As noted above, in our analysis, we assessed the economic uplift in residential properties (value potential) and asset restoration (value at risk), while the other categories were omitted due to unavailable data.
TABLE 3 | Value at risk and value potential categories and assessment techniques.
[image: Table detailing value at risk and potential value across different categories. Value at risk includes asset restoration, environment and heritage, and aesthetic and heritage, assessed by cost avoidance and contingent valuation. Value potential covers service performance, economic uplift, and community, assessed through contingent valuation and market value.]The economic analysis also considered the performance of these opportunities over an investment period of 35 years, as per the timeframe of the climate and socioeconomic scenarios. We calculated the anticipated costs and benefits by introducing a range of plausible discount and growth rates per the region’s economic outlook and the effects on projected property values. We also estimated future hazard probabilities over the next 35 years by analyzing historical data, as described in Supplementary Material S4. Additionally, we projected the potential impact of these hazards based on the RCP 8.5 and RCP 4.5 climate scenarios by downscaling them for the region.
2.2.4 Project monitoring and evaluation
Workshop surveys were conducted to support the monitoring, evaluation, and learning framework of the project. Participants were requested to reflect on aspects that proved less effective, articulate their requirements for further development, and identify practices they believed could be scaled to other local government entities. The objective was to evaluate participants’ satisfaction following each workshop by also identifying the elements that contributed to their capacity enhancement and supported their respective roles.
The workshop survey approach also enhanced knowledge sharing within the project partners and facilitated necessary adjustments to project implementation. Along with the workshop events, smaller working groups were also organised with the assets managers and planning teams of the BVSC between workshops two and three to ensure the gradual integration of the projects’ findings into the operational planning of the Council. Upon completion, an external evaluation team performed a thorough project assessment, enabling effective and balanced reporting on project activities, outputs, and outcomes. Furthermore, the external evaluation examined whether the project fulfilled stakeholder needs and explored the potential for replicating and scaling the project model to additional regions.
3 RESULTS
3.1 Workshop 1- outcome
In the first workshop, 208 current and future values and vulnerabilities were identified by the participants and clustered according to the most prevalent patterns as described in the Workshop 1 methodology. Four pattern groups were formulated based on the values and vulnerabilities suggested by participants about a) the connectivity of Bega Shire with other regions, b) the need to sustain selected services, c) the attention on local economic activities, and d)the role of demographics about housing and settlement trends, as presented in Table 4.
TABLE 4 | Values and vulnerability patterns identified in workshop 1.
[image: A table with four columns titled Connectivity, Services, Economics, and Demographics. It lists issues such as hazard-prone roads and increasing demand for aged care services. Economic impacts include declines in agriculture and tourism due to hazards. Demographic needs involve balancing growth and safeguarding settlements during hazards.]Figure 4 illustrates the frequency of current (2023) and projected (2058) values and vulnerabilities proposed by the participants, summarised in the four patterns above in a standardised (0–1) format as mentioned in the methodology. The participants emphasised the serviceability patterns for the current year (2023) and anticipated values for the future (2058), along with the identified vulnerabilities. They also voiced concerns about the region’s future connectivity and economic activities. Furthermore, the potential vulnerabilities facing the population and the housing sector in Bega were also discussed.
[image: Stacked bar chart comparing four categories: "Generativity," "Symposiumology," "Scubacademy," and "Demographilizer" across four years: 2235, 2240, 2245, and 2250. Each bar is segmented by year, showing the distribution over time, with "Symposiumology" having the highest overall value in 2250.]FIGURE 4 | Current and future vulnerabilities in bega Valley region. Source: Authors.
After consultations with BVSC, four areas of interest encompassing various values and vulnerable areas were prioritised as presented in Figure 5 with rectangular frames. An intentional overlap between the four areas was designed to demonstrate the interconnections of values across the wider region and the scale of vulnerability in the entire LGA. For example, a flood-vulnerable coastal area could impact travel to remote settlements along the coastline and affect commuting between the northern and southern parts of Australia’s east coast. Participants in the first Workshop found the activities and insights thought-provoking and relevant to their work. They appreciated learning about the other participants’ differing values, perceived vulnerabilities, and risks. From the workshops and subsequent analysis, the transport infrastructure (council’s roads and bridges) and their fundamental role in supporting life and economic activity in the region during times of stability and throughout natural hazard events emerged as the priority resilience service need.
[image: Map of the Bega Valley Shire Council region highlighting various data points related to connectivity, demographics, economics, and serviceability. Different colored markers indicate specific categories: purple for connectivity, yellow for demographics, red for economics, and blue for serviceability. The map includes the coastline and geographic features, with inset boxes for detailed views.]FIGURE 5 | Suggested values and vulnerabilities as per the observed patterns in Workshop 1. Source: Authors.
3.1.1 Workshop 2- outcome
The suggested interventions were geocoded and grouped according to the resilience improvement classification described in the methodology, as shown in Figure 6. As expected, there was a high overlap between the values and vulnerabilities depicted in Figure 5 and the suggested interventions’ locations. In most cases, the interventions were proposed to sustain the current and future values and increase the resilience of the relevant assets. The interventions were proposed as a single activity to improve resilience, but also as a bundle of activities (e.g., improving vegetation management across the road network and creating permeable road pavement). Figure 6 illustrates the types of interventions suggested by participants in the four areas discussed during Workshop 1, as denoted by the rectangular frames.
[image: Map of the eastern coast with color-coded markers indicating primary interventions: red for hardening assets, blue for hardening services, green for reducing reliance, yellow for changing system aspects, and purple for addressing services differently. Black rectangles outline resilience service areas.]FIGURE 6 | Geocoded suggested interventions to enhance resilience in Bega Valley Shire. Source: Authors.
Figure 7 presents the multicriteria analysis’s ranking in numerical and diagrammatic format for the four candidate areas based on the performance of the suggested interventions identified in each area. The table presents the scoring of each area on a numerical scale 0–100 (min-max) in the fourth column, while a diagrammatic format with relative ranking values is also presented.
[image: Chart and table displaying a performance aggregated score. The table lists five items: LargerBVS, BegaStrC1, BegaStrC, and StringSap, with columns for Input, Output, O/I ratio, and Score. Scores range from 29.73 to 100. The adjacent bar chart visually represents these scores, using a vertical bar with green and red segments to denote positive and negative values, respectively.]FIGURE 7 | Multicriteria Analysis for prioritising interventions and areas in Bega Valley Shire. Note: Larger BVS: The entire region covering the main transport corridors in and out of Bega Shire; Bega StrCI = a region where the Bega town is considered the major center for service provision to coastal and inland communities; BegaStrC = a region where the major town (Bega) is contemplated together with the airport and port facilties as significant infrastructure; StringSap = This region covers the coastal settlements that are largely connected with a main road network.
Figure 8 illustrates the two highest-ranked areas identified through the MCA process. The top priority is assigned to the entire region (see Figure 7 “Larger BVS”) – the largest area depicted on the left side of Figure 8. This area underscores the significance of Bega Shire’s connectivity via the main transport corridors to the rest of the country. The second prioritised area refers to the coastal settlements (see Figure 7 “StringSap”), represented as a red rectangle on the side of Figure 8. The coastal area highlights the dependence of isolated coastal communities on a single road network that is often overloaded during holiday periods that coincide with the high-risk weather season and bushfires.
[image: Map illustrating resilient service areas and road hierarchy in a coastal region. Two panels show red boundaries indicating resilient service areas, with main roads and local access roads marked. Various colored dots represent connectivity, demographics, economic, and serviceability factors in focal regions. A legend is included at the bottom left, detailing the represented elements.]FIGURE 8 | Resilient transport corridors (left side) Resilient Coastal Settlements (right side).
3.1.2 Workshop 3- outcome
The participants agreed on different bundles of interventions to compose a resilient investment case for the two selected areas identified in Workshop 2. As noted in Section 2.2 on the workshops’ design, the service needs of each area were perceived through a place-based approach so that each intervention could simultaneously maximise different needs (e.g., a reinforced bridge for flood disasters can also support tourism-related amenities, daily commuting, access to health service, etc.). The participants further identified the funding mechanisms to be potentially utilised to realise an investment case and the funding sources to be sought for a proposal, as presented in Figure 9.
[image: Flowchart illustrating the process from "Place-based resilience service needs" to "Funding environment." It shows the path through "BVSC policy environment," "Investment logic" with resilience cases and interventions, "Funding proposals" including business cases and applications, to "Funding environment" with options like budgets, grants, loans, and investments.]FIGURE 9 | Funding Mechanisms and Proposals for developing resilient investments in Bega Valley Shire. Source: Authors.
The benefits associated with the “values at risk” and “value potential” mentioned in the methodology were compared with the capital and operational costs required to develop each intervention in the two selected areas. After deducting the operational and maintenance costs, the interventions were prioritised based on the highest anticipated economic benefits. In total, 171 economic benefits from 64 interventions were identified in the two prioritised areas (see Figure 8). The interventions were also presented as bundles to more accurately reflect the scale of effect should the resilient investment occur.
An interactive web-based platform, the Resilient Investment Case Explorer (RICE), was developed to offer comprehensive information about the interventions and their associated costs and benefits, including non-economic benefits such as number of jobs and amenity (Figure 10). The platform allowed users to select various intervention combinations as “bundles,” enabling them to explore combinations of options for resilience investment.
[image: Dashboard showing outcomes of resilience investment in Bega Valley Shire. Includes total costs ($60M), benefits ($456M), jobs created (1,710), and total benefits ($283M-$560M). Features a cost graph, project details, and data on societal value, sector impacts, and implementation over four years.]FIGURE 10 | Screen shot/grab of the RICE dashboard depicting the prioritised interventions and overall benefits that could potentially be realised from the bundle of interventions included in an illustrative resilient investment case in Bega LGA. Source: Authors.
The dashboard in Figure 10 illustrates the total economic benefits of the top-ranked intervention bundles while highlighting the most vulnerable areas in terms of bushfire susceptibility. The overall economic benefits could reach AUD 622 million if all suggested interventions are undertaken, while additional employment benefits could further enhance the economic development of the Bega Valley Shire. Indicatively, the estimated economic value of the benefits from the increase in residential property values could reach AUD 175 million. This potential increase in residential property values was conducted through the benefit transfer method, presuming similar conditions for properties to which we could confidently attribute these benefits. The benefits derived from the avoided reconstruction costs due to the enhanced resilience of the relevant assets were estimated at AUD 280 million by calculating the avoided road damage and repair costs. Additional benefits included approximately 1,280 direct jobs, primarily in the construction sector, contributing AUD 167 million in Gross Value Added from these employment opportunities. Conversely, the capital and operational cost of all the interventions could reach AUD 400 million and AUD 84 million, respectively.
We further explored the potential economic benefits arising from various additional services and amenities (e.g., recreational activities, business development, etc.) that could arise from additional investments in value-creation opportunities related to the suggested interventions throughout the region. In doing so, we identified 55 additional service and amenity investments with benefits ranging from AUD 280 to AUD 560 million. These were estimated using an online database of direct and indirect use values based on contingent valuation approaches developed by Australia’s Bushfire and Natural Hazard Cooperative Research Centre (Hazrds CRC, 2024). We did not include the indirect economic benefits in our assessment. The purpose of estimating the indirect economic benefits was to demonstrate that investing in resilience for a networked road system can further offset the costs associated with the investment in resilience. The individual benefits of each intervention, including the cost avoidance from more resilient assets (“value at risk”) and the economic uplift (“value potential”), together with the capital and operational costs, are uploaded as Supplementary Material S4.
3.1.3 Overarching resilient investment planning in Bega Valley Shire
Staff members at BVSC reported that their exposure to the suggested approach has assisted them in integrating disaster risk information into their operational processes. They also tested innovative risk reduction and intervention strategies through a systems-based thinking approach. Using the ERI approach and tools, council staff can continuously identify complex risks and recognize the advantages of proactively prioritizing certain interventions to mitigate risks in a network. This proactive strategy is preferred over reactive methods that manage damage to critical infrastructure during or after a disaster.
The proposed approach ultimately assisted the BVSC in enhancing their capacity and implementing place-based solutions to reduce local and regional risks while improving disaster resilience. It is noted, however, that by the end of the project, council staff had still not integrated the tools and strategies into their existing planning and decision-making processes. The BVSC aimed to incorporate strategic elements of the ERI approach into their learning management system to continue building their capacity and embed the approach more systematically. Additionally, the Council planned to conduct ongoing monitoring, evaluation, and learning related to their implementation of the ERI approach to assess its strengths, weaknesses, and areas for improvement. Council staff emphasized that for successful embedding and scaling, further efforts must be made to broaden the enabling environment for key infrastructure projects, which involves engaging with State and Federal governments, critical infrastructure providers, and funders.
4 DISCUSSION
4.1 Climate-resilient investments and NbS implementation
The need for climate-resilient solutions has increased due to the growing frequency, extent, and severity of hazards, along with the growing levels of exposure and vulnerability as populations and regions grow. Various scholars and practitioners have proposed diverse options based on technological advancements, integrated modelling approaches, and elaborate financial tools and mechanisms through theoretical frameworks and applied projects (Maru et al., 2014; Xenarios and Polatidis, 2015; Gallina et al., 2016; Manandhar et al., 2018; Raikes et al., 2020; Meharg, 2023a; b). A major focus is placed on enabling preparedness and prevention for physical climate risks, developing response initiatives (cope and adjust), and recovery efforts (through building back better), by also creating taxonomies for climate adaptation and resilience activities (Carr and Nalau, 2022; Tailwind, 2024).
Our study aimed to develop a transparent and applied research approach for local governments to select the most favourable options and bundles of risk reduction and resilience-building interventions among built and natural capital to meet their needs by providing facilitation and technical assistance (e.g., hazard maps, climate projections, decision support tools, etc.) throughout the process. The selection of NbS was among the proposed interventions suggested by workshop participants, mainly representing vegetation management for bushfire and flood hazards. Although vegetation management was not explicitly acknowledged as NbS in the workshops, it was underscored that empirical evidence supports the efficacy of forest-based solutions in mitigating the risk of natural hazards.
The introduction of NbS on disaster risk reduction in both urban and rural contexts has been acknowledged by various policy documents and frameworks in Australia (AIDR, 2024; CEEW, 2024; DFAT, 2024). Also, numerous instances documented in scholarly works and real-world endeavours demonstrate the utilisation of NbS in the country to bolster climate adaptation and resilience at local and regional scales, concurrently fostering community wellbeing (Frantzeskaki et al., 2019; Wang et al., 2022; Debele et al., 2023; Morris et al., 2024a; b). Indicatively, some NbS for flood protection in Australia include using green infrastructure with porous surfaces, restoring wetlands and floodplains through geoengineering, and cultivating water-absorbing vegetation (Morris et al., 2019; Christopher et al., 2024). Equally widespread are the NbS for drought adaptation and resilience, such as reforestation and sustainable forest management and the introduction of agroforestry practices to improve water retention and water flow regulation (CSIRO, 2024).
Most Australian states have introduced NbS to address the impact of bushfires by implementing strategies for vegetation management and endorsing the use of indigenous fire-resistant plant species. More robust NbS includes prescribed burning to reduce fuel loads, stimulate ecological processes, and restore natural fire regimes which has also been discussed in Workshop 2 when suggesting the intervention of vegetation management. Prescribed burning has been applied for many years in Bega Valley and more broadly in Australia for bushfire management and forest regeneration purposes (Russell-Smith et al., 2020; BVSC, 2023). The introduction of NbS to increase resilience to climate-induced hazards has been proven cost-effective in many cases, requiring lower operational and maintenance costs than other proposed options (DFAT, 2024). Multiple benefits to ecosystem services stemming from NbS go beyond climate adaptation and resilience, such as improved air and water quality, wildlife habitat, carbon sequestration, and recreational opportunities (Sangha et al., 2024).
However, various parameters have impeded the implementation of NbS and also other interventions for enhancing resilience against hazards in Australia which has been also mentioned in the second workshop, thereby reducing their effectiveness and expected outcomes. A major challenge often encountered in implementing NbS in Bega Valley and more widely in Australia, was the lack of involvement of local stakeholders and insufficient support from key actors to promote and implement these solutions in the respective areas (Zhu et al., 2023). Prescribed burning has been extensively implemented, particularly following the significant bushfires of the past two decades. Nonetheless, significant concerns exist regarding the weak engagement of local stakeholders, including First Nations groups. Communities from the First Nations that have historically practiced bushfire burning for landscape management are not always involved in the decision-making process. The lack of engagement from Indigenous groups often results from the differing practices between them and state government land management agencies (Smith et al., 2021; Sangha et al., 2024). It was acknowledged, however, throughout the workshops in Bega Valley that Indigenous fire practices were encouraged and implemented after the ‘‘Black summer’’ of 2019–2020, which burnt 5.5 million hectares in NSW alone (ABC News, 2020).
There are also controversial arguments regarding implementing NbS in Australia as suitable interventions for resilience planning in vulnerable systems. For instance, living seawalls have been introduced in the Sydney harbour by installing panels that mimic “microhabitats” to help marine biodiversity while protecting coastal areas from sea level rise (Adapt NSW, 2024). There is, however, criticism of the broader concept of seawall construction due to the obstruction of natural processes and sediment distribution and the underestimation of the scale and frequency of coastal inundation (Morris et al., 2024b). Also, estimating the risk of loss for assets and infrastructure, known as the Maximum Value at Risk (MVAR) in NbS interventions, has been extremely challenging due to the difficulty of estimating the anticipated damages from more intense hazards, which was also undernoted mainly by the asset and finance managers of Bega Council during the project. This uncertainty has burdened BVSC’s planning to implement resilient interventions, including NbS, on a large scale and develop resilient mechanisms.
In this study, we aimed to address the considerations mentioned above by creating a clear and transferable process for developing climate-resilient investment cases at a regional level. We organised a series of workshops by initially including a diverse set of local stakeholders and gradually increasing the role of the local government as an enabling authority for the adoption of NbS solutions, among others. The workshops’ outcome drove the identification of current values and vulnerabilities and suggested different interventions by allowing local stakeholders and authorities to formulate their views on climate-resilient solutions.
We acknowledge the inherent constraints of downscaling the hazard probabilities in 35-year climate change scenarios and the difficulty of workshop participants comprehending the technical details of these uncertainties. In this regard, we attempted to interpret the technical and quantitative information into simple and qualitative terms. We incorporated the current knowledge of single and multi-hazard risk probabilities in Bega Shire through historical data and global climate scenarios by adopting three main susceptibility levels (high-medium-low) based on publicly available datasets. The participants were mainly tasked with assessing potential interventions in assets and infrastructure that could effectively reduce varying levels of vulnerability without depending on technical knowledge and complex terminology.
The current study has not demonstrated the validity of the proposed approach, particularly in terms of monitoring and measuring specific metrics related to hazard-resilient targets. However, the suggested decision-aiding dashboard can help local governments explore potential interventions, evaluate their anticipated costs and benefits, and support deliberations about what combinations of interventions to prioritise for investment.
4.2 Climate-resilient investments and local governance
Throughout the consultation with the BVSC, it was emphasised that their limited capacity to integrate climate-resilient options into planning was due to budgetary constraints, inadequate expertise, and a lack of awareness of potential benefits. Major attention was given to our approach to involve the local government as much as possible in the co-development of the suggested interventions, prioritising the relevant areas per the needed services, and designing the resilient investment cases.
The working groups, together with the workshops, have also significantly supported the identification of the enablers that could incrementally embed the project’s findings into the planning documents and strategies of the local government. The evaluation surveys conducted after the workshops and upon project completion reveal that the BVSC staff are interested in using the tools and processes outlined in the recommended approach. Many participants intended to apply these concepts for strategic thinking, informing funding applications, engaging stakeholders, and developing resilience strategies.
It is acknowledged that the consultation with the Bega Council has identified only the vegetation management as an NbS approach to enhance the region’s resilience against hazards. However, we consider that the design and consultation process presented in this study is fundamental for developing resilient investment cases that could materialise through different NbS options in a further stage. The recommended process addresses research and policy-making questions regarding developing inclusive and co-designed solutions to enhance resilience, specifically emphasising the regional level.
It is also understood that the transportation sector is not commonly targeted for NbS interventions, as indicatively occurs in the natural resource management field. The selection of the transport sector and its associated assets and infrastructure was based on the considerable burden that local governments face, particularly in hazard-prone areas, to maintain the road network effectively. Indicatively, in the case of the Bega Council, more than 50 per cent of the annual budget has been devoted to road maintenance over the last decade due to a series of hazards that have had a major impact on the network.
More broadly, for regions in Australia like the Bega Valley LGA, prone to extreme weather conditions and events likely to be exacerbated by climate change, the need to plan for disasters and safeguard infrastructure vital to community resilience is ever-present. This underscores the urgent requirements for local government planning and risk reduction to actively engage in the contextual understanding of the communities they service. It also entails transcending the narrow definition of resilience and risk reduction solely in terms of the financial impact of material loss by integrating more systemic approaches and service-needs analysis that can assess the current and future needs of the community.
A major challenge to identifying and actioning initiatives that focus on increasing climate resilience in the regions of Australia lies in the disjointed and complex policy environment that governs local government decision-making. The LGAs in Australia traditionally rely on grant funding for substantial capital works to sustain their infrastructure against hazards. The grant funding is often pursued after a disaster occurs, typically alongside heightened demands for disaster response. Consequently, funding for infrastructure upgrades and repairs primarily addresses damage that has already occurred. This is evident in the Bega LGA, where between 2021 and 2024, AUD 2.5 million was spent on emergency works and over AUD 30 million on remediation works from natural disasters affecting transport networks—representing 17.29% of the total capital works expenditure during that period (BVSC, 2021). As a result, the current funding practices tend to prioritise asset renewal over fostering resilience through collective understanding and capability building. The planning approach introduced at BVSC through ERI can facilitate proactive identification of resilient interventions and investment planning by nurturing a discursive social practice in local governance.
Furthermore, there is a growing trend in the country of shifting costs from federal and state governments to local governments. This has gradually transferred workloads and responsibilities to LGAs without corresponding adjustments to resourcing. The factors above contribute to a situation in which local governments and their associated communities bear the brunt of the impact of natural disasters, both during the event and in the subsequent recovery phase. This often necessitates significant recovery efforts despite limited access to the resources and legislative capacity required to make the necessary changes. In this regard, our study attempted to enable BVSC and other local governments in hazard-prone regions to develop resilient investment planning by identifying the most vulnerable assets and infrastructure, proposing interventions, and exploring the wider set of benefits attributed to selected investments.
From a methodological perspective, we acknowledge that the natural hazard-scenarios were based on historical trends supplemented with expert climate and hazard science knowledge about plausible future trajectories of change. Given the high variation in climate projections for the region, the future impacts over a 35-year horizon are highly uncertain. Our intention, however, was to incentivise participants to consider potential interventions that enhance resilience in their region without compromising their future livelihoods as much as possible. This was also the aim of the two socioeconomic scenarios, which were designed to provoke participants into recommending options that could contribute to high or low population and economic development assumptions in Bega Valley, in consideration of the impending hazard impacts in the future.
In a similar manner, the economic analysis of the costs and benefits of each intervention and bundles of interventions was based on cost-avoidance and benefit-transfer techniques, acknowledging the methodological limitations and low reliability, especially of the latter. We do not claim to have an accurate estimation of the relevant costs and benefits associated with the suggested interventions. However, we consider that in the absence of data, the only option was to use benefit transfer, notwithstanding all of its limitations. Given the significant data limitations we faced, we endeavoured to focus the estimation as much as possible on the relationships between the variables that drive value by exploring the order of economic magnitude of each suggested intervention or bundles of interventions proposed by the participants. The intention was to identify the options that could enable resilient investment on a larger scale, while also using climate and socio-economic scenario analysis to explore the sensitivity of the results to different assumptions about these values and relationships. Similar efforts to evaluate disaster risk reduction options and resilience have also been noted in the literature, acknowledging the significant uncertainty of the outcomes (Jones et al., 2013; Lempert, 2014; Mechler, 2016; Maier et al., 2016; Smith et al., 2017).
5 CONCLUSION
The development of climate-resilient investment options at a regional and local level requires inclusive and transparent approaches, along with a comprehensive evaluation of the services associated with the proposed solutions. Many potential interventions offer a promising way to address climate hazards while providing multiple co-benefits for people and vital ecosystem services. However, careful planning and implementation are necessary to ensure these solutions achieve their intended goals without creating unintended negative consequences.
In our study, we propose an approach that can enable resilient investment options for natural and built infrastructure to address critical risks and associated hazards aggravated by global environmental changes. As presented in the Bega Valley case study on the southeast coast of Australia, the proposed approach demonstrates the need for integrated hazard analysis with spatial planning coupled with climate projections, economic assessment of the affected services, and thorough consultation with local authorities and stakeholders to identify resilient investment options.
The underlying assumptions and methodologies of the proposed approach demonstrated in Bega Valley LGA can be further explored and refined if a higher focus on particular domains and sectors (e.g., hazard risk assessment and financial impact assessment) is undertaken. However, we believe that there is an urgency to design more integrated approaches collaboratively developed by the affected communities and the local authorities to enhance preparedness and resilience planning. The insights gained from the case study are anticipated to contribute to the advancement of resilient investment planning in local governments of Australia and regions of other countries encountering similar challenges.
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FOOTNOTES
1In this context, resilience is defined as “the ability of a system, community or society exposed to hazards to resist, absorb, accommodate, adapt to, transform and recover from the effects of a hazard in a timely and efficient manner, including through the preservation and restoration of its essential basic structures and functions through risk management” (UNDRR, 2017). Although “risk management,” “adaptation,” and “transformation” are included in this definition of resilience, it is often helpful to explicitly refer to each of these elements to ensure the relevant communities and policy environments responsible for each element understand the relevance and implications for them.
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Methodology  household surveys, key informant interviews, focus groups, field observations, |~ household surveys, key informant interviews, interviews with farmers, field
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Benefits principles - ‘why’ Gl should be provided

Nature rich beautiful places

Active and healthy places

‘Thriving and prospering places

Understanding and managing water environment

Resilient and climate positive places

Descriptive Principles - what (good) Gl is

Multifunctional

Varied

Connected

Accessible

Character (locally distinctive)

Process Principles - the way (how) to deliver GI

Partnership and vision

Evidence

Plan strategically

Beautiful well-designed places

Managed, valued and evaluated

GI supports nature to recover and thrive everywhere, in towns, cities and countryside,
conserving and enhancing natural beauty, wildlife and habitats, geology and soils, and our
cultural connections with nature

Green neighbourhoods, green/blue spaces and green routes support active lifestyles,
community cohesion and nature connections that benefit physical and mental health and
wellbeing, and quality of life.GI also helps to mitigate health risks such as urban heat
stress, noise pollution, flooding and poor air quality

GI helps to create prospering communities that benefit everyone and adds value by
creating high quality environments which are attractive to businesses and investors, create
green jobs, support retail and high streets, and to help drive prosperity and regeneration

Gl reduces flood risk and improves water quality by maintaining the natural water cycle
and sustainable drainage at local and catchment scales; and bringing amenity and
biodiversity benefits

GI makes places more resilient and adaptive to climate change and helps to meet zero
carbon and air quality targets. Gl itself should be designed to adapt to climate change

Gl should deliver a range of functions and benefits for people, nature and places, address
specific issues and to meet their needs. Multifunctionality (delivering multiple functions
from the same area of GI) is especially important in areas where provision is poor quality
or scarce

Gl should comprise a variety of types and sizes of green and blue spaces, green routes and
environmental features (as part of a network) that can provide a range of different
functions, benefits and nature -based solutions to address specific issues and needs

Gl should function and connect as a living network at all scales (e, within sites; and
across regions/at national scale). It should enhance ecological networks and support
ecosystems services, connecting provision of GI with those who need its benefits

Gl should create green liveable places that enable people to experience and connect with
nature, and that offer everyone, wherever they live, access to good quality parks,
greenspaces and recreational walking and cycling routes that are inclusive, safe,
welcoming, well-managed and accessible for all

Gl should respond to an area’s character so that it contributes to the conservation,
enhancement and/or restoration of landscapes; or, in degraded areas, creates new high-
quality landscapes to which local people feel connected

Work in partnership, and collaborate with stakeholders from the outset to co-plan,
develop and deliver a vision for GI in the area. Engage a diverse and inclusive range of
people and organisations including citizens, local authorities, developers, communities,
green space managers, environmental, health, climate, transport and business
representatives

Use scientific evidence, and good land use practices when planning and enhancing green
and blue infrastructure. Understand the evidence for the benefits of current Gl assets; and
data on environmental, social and economic challenges and needs in the arca

Plan strategically and secure GI as a key asset in local strategy and policy, at all scales.
Integrate and mainstream GI into environmental, social, health and economic policy.
“This should help to create and maintain sustainable places for current and future
populations, and address inequalities in GI provision and its benefits

Use an understanding of an area’s landscape/townscape and historic character to create
well-designed, beautiful and distinctive places

Plan good governance, funding, management, monitoring, and evaluation of green
infrastructure as a key asset from the outset and secure it for the long-term. Make the
business case for GI. Engage communities in stewardship where appropriate. Celebrate
success and raise awareness of GI benefits
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| standar Examples of tools, guidance and measurements

Biodiversity Net Gain (BNG) BNG s calculated using an approved biodiversity metric, following good practice principles and the
British Standard for Biodiversity Net Gain (BSI, 2021). See also criteria in the National Model
Design Code Part 2: guidance on Biodiversity Design (p26)

Environmental Benefits from Nature (EBN) Tool ‘The EBN Tool is designed to be used alongside the Biodiversity Metric, to assess the wider outcomes
for people from implementing a BNG project (LIVE Economics, 2022). It indicates the gains or
losses in 18 Ecosystem Services following land-use change: food, timber and fish production, water
supply, flood regulation, erosion protection, water quality regulation, carbon storage, air quality
regulation, cooling and shading, noise reduction, pollination, natural pest control, recreation,
education, interaction with nature, sense of place and aesthetic value

Water quality standards “This aims to meet Water Framework Dircctive standards for the ecological and chemical status of
surface water and groundwater bodies

SuDS Technical Standards SuDS include rain gardens, attenuation basins and bioswales. The government has consulted on a
revision to the existing SuDS technical standards, which would encourage delivery of multi-
functional SuDS with benefits for water quality, water supply, biodiversity and recreation as well as
flood protection (Defra, 2021). The Core Menu signposts the SuDS Manual for detailed guidance
on design, and the National Model Design Code (Part 2, p23)

Green Roof Organisation (GRO) Code Standards ‘The Green Roof Organisation (GRO) standards for Biodiverse Green Roofs or Biosolar roofs
encourage design of roofs with adequate substrate depth, diverse planting including native flora,
and additional biodiversity features. See also the National Federation of Roofing Contractors
(National Federation of Roofing Contractors, 2017)

Grassland and verges Plantlife’s Managing Grassland Road Verges provides best practice guide on improving biodiversity
for flowering plants and pollinators on verges

Trees and woodland Relevant standards include: Hirons and Sjoman (2019). British Standards, g, BS 8545:2014 -
Trees: from nursery to independence in the landscape. The Forestry Commission and Forest
Research’s Urban Tree Manual (The Right Tree in the Right Place for a Resilient Future)

Hedgerows Good practice guidance is provided by Hedgelink, including the Hedgelink Management Cycle
guidance

Scrub, shrubland, heathland and brownfield sites ‘The Natural England Scrub Management Handbook guidance

Allotments, community orchards and community farms Community farms and gardens should follow the Social Farms & Gardens’ Green Care Quality
Mark

Soils Management of existing and imported soils (Department for Environment, Food and Rural Affairs

(Defra), 2009); BS 8601:2013 Specification for subsoil; and BS3882:2015 Specification for topsoil

Building with Nature 12 standards grouped under the themes of Wellbeing, Water and Wildlife, for use in new
developments. https://wyww buildingwithnature.org.uk/
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delivering multifunctional vegetated SuDS with biodiversity and
amenity value®
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Development and release

2018-9

2020

2021

2022

2023

2024

Horizon scanning; Drivers of Change (Doran,
2019)

Review of functions and benefits of GI
(Dundon et al., 2019)

Review of GI Standards in United Kingdom
and worldwide (Dundon et al., 2019)

Initial review of Accessible Greenspace
Standard (Shepperd 2019 in Dundon et al.,
2019)

Evidence review of health and wellbeing
benefits of GI Standards (Lovell et al., 2020
Review of Accessible Natural Greenspace
Standard (Mell, 2022) and Urban Greening
Factor (Neal, 2020)

Review of the attributes of quality of GI (Mell,
2022)

Monitoring and Evaluation Plan; baseline
survey (LIVE Economics, 2022)

Advisory Group Workshops

Advisory Group Workshops

Trials of second draft GI Framework, including
mapping, with 10 local authorities (2020-21) (Schuder
et al,, 2021)

Consultation on third draft GI Framework including GI
Standards, Planning and Design Guide, and Process
Journeys with 14 local authorities (WSP, 2022) and
17 developers (Live Economics, 2022)

Online consultation survey on the GI Framework
(Sclater 2022)

Evaluation Plan and baseline survey (Live Economics,
2022)

Updated Evaluation Plan and 1 Year survey (ICF

Consulting Services Limited and Live Economics, 2024)

Development of first draft GI Principles, Supporting
Standards, Guidance. Interim Report (Dundon et al,,
2019)

Development of second draft GI Framework, including
Principles, Standards (including Accessible Natural
Greenspace Standard and Urban Greening Factor
Standard), Process Journeys and Mapping for trialling
Development of England GI Mapping Database
Version 1.1 (Moss, 2023a)

Development of the GI Principles, Mapping and website
for beta launch

2021 Beta launch of GI Framework - Principles
(Fanaroff et al,, 2021) and Mapping Version 1.1 (Moss,
2023b)

Development of the Core Menu of GI Standards (Grace
and Smith, 2022a)

Development of the Model Urban Greening Factor for
England (Neal, 2023a; 2023b)

Development of the Standards model and Headline GI
Standards (Houghton and Warburton, 2023)

Drafting of the Planning and Design Guide (Grant etal.,
2023) and Process Journeys (Fanaroff, 2023a)
Finalisation of GI Framework of Principles and
Standards for 2023 launch (Natural England)

Launch of the GI Framework of GI Principles and
Standards for England

Launch of the GI Mapping Database version 1.2
(Natural England)

GI Framework Process Guide for Local Planning
Authorities to develop GI Policies and Strategies
(Houghton and Gardner, 2024)

Accessible Greenspace Standard User Guide (Interim)
(Houghton, 2024)

Urban Nature Recovery Standard User Guide
(Houghton et al, 2024)
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ar Bi Pro Exceptions Implicatiol

‘The Coastal Protection and

Restoration Authority (CPRA) was

established (to coordinate response to comprehensive coastal protection and

damage from hurricanes Katrina and restoration plan including a Master

Rita) Plan for coordinating and prioritizing
protection and restoration effort
(updated on a 5-yearly basis - note:
now every 6 years)

2005 Act 8 of the First Extraordinary
Session of 2005

One state agency was responsible for
developing and implementing a

CPRA has a Trust Fund that funds the
restoration program, revenue from
carbon credits must be added to the

2009 Act 523, Regular Session of the
Louisiana Legislature

[RJevenues derived from integrated
coastal protection programs, projects,
or activities shall be deposited in and

credited to the fund

trust fund and used for future
restoration

2010 La. RS. 9:1103 Carbon credit revenues are the 1. Landowner contractually assigns A landowner can assign carbon credits
property of the landowner ownership to another party to a third party (for example, to
validate an offset)
2. Carbon revenues derived from a Regardless of the landowner, if the
project sponsored by CPRA when the  additional carbon results from a CPRA
state owns the carbon revenue project, the state owns the carbon
revenue. Note some project funding
sources may be excluded under
‘additionality rules,’ for example, funds
from environmental damage
mitigation
3. In addition to the restoration project | Any carbon revenue from the broader
footprint, any carbon revenue from | avoided land loss from individual
avoided land loss resulting from the  projects (or programmatic restoration)
project also belongs to the state will be attributed to the state, regardless
of the landowner
2010 La. RS. 31221 in 2010 ‘The Louisiana Department of CPRA was expressly identified as the  Established the potential for the state to
CPRA [La. RS. 3:1221(C)] Agriculture and Forestry is the authority over “benefits, credits, or claim carbon credits for land created
primary agency for carbon offsets derived from projects approved (o not lost) as a result of coastal
sequestration programs - in and undertaken” from coastal restoration projects
agricultural and forestry lands restoration projects implemented by
CPRA
2014 VCS Methodology CPRA developed this Verra standard methodology specifically to quantify the greenhouse gas benefits of wetland creation
VM0024 approved projects (Verra, 2014). Methodology was categorized as a Restoring Wetland Ecosystem (RWE) + Afforestation,
Reforestation and Revegetation (ARR) methodology. VM0024 was developed in parallel with the VM0033 Methodology for
Tidal Wetland and Seagrass Restoration (Emmer et al,, 2023). It was retired in 2024.
2020 VCS Methodology First developed in 2011 for forests, the methodology was changed in 2020 to include project activities on tidal wetlands
VM0007 REDD+MF
2021 VCS Methodology Under this restoration methodology, all tidal wetland restoration projects in the United States are deemed to automatically
VM0033 approved meet the additionality requirement, due to the low number of these activities (Emmer et al,, 2023)
2012, CPRA releases updates to ‘This integrated coastwide protection and restoration planning process rigorously identifies and selects suites of projects,
2017, Louisiana’s Comprehensive Master | modeling land area change with and without restoration effort 50 years into the future (CPRA, 2012; CPRA, 2017; CPRA,
2023 Plan for a Sustainable Coast 2023b)
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Terrace type Net change of bottom elevation (cm) per section

Sec.2 Sec.3 Sec.4 Sec.5
Calm Box 001 001 0.01 001 | 0.01 | 001
Chevron 100 m 001 001 0.01 001 001 001
Chevron 200 m 001 001 0.01 001 0.01 001
Line [ 001 | 001 0.01 001 0.01 001
T-Shape 001 001 ‘ 0.01 0.01 001 001
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Sediment type Vegetation type Water depth Net change of bottom elevation (cm) per section

Sec.1 Sec.2 Sec.3 Sec. 4 Sec. 5 Overall

Mud-dominant None Deep (1.0 m) —6.6 -49 -3.6 ~18 0 -34
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Vegetation type ud-dominant type Sand-dominant type

Shallow (m?) Deep (m?) Shallow (m?)
None 89,725 28,275 90,100 ‘ 29,175
Minimum (Spring) | 96,500 28,625 97,135 ‘ 29,350
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Province Ha restoration Previ Lu® Benefits Costs BCR NPV
Aceh 1,600 30%-20%-50% sI2141624 10,554,471 ‘ 115 1,587,154
‘7 Bali 0 30%-20%-50% 50 0 50
‘ Banten 215 30%-20%-50% 52,023,967 $1,583,871 128 440,096
LBengku.ln 30 30%-20%-50% 156,364 $161,654 l 097 85,290
 Dki Jakarta [ 0 30%-20%-50% | 50| $0 ‘ 50
" Gorontalo 507 30%-20%-50% 5,943,173 $3,932,392 151 52,010,782
‘ Jambi 296 30%-20%-50% 51,618,325 52,020,579 080 -$402,254

“Previous land use of area for mangrove restoration: agriculture/plantation, aquaculture, degraded mangrove.
BCR Besiedit Cost Ratlo: 1U): Land Use: NPV, Mot Prascst Vilos: Ha. Hectaris
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Cost

component

Restoration costs
Conservation costs

Opportunity costs of
land

Valuation method

Value transfers based on restoration project costs Estimations for restoration implementation costs based on
consultations with Government of Indonesia

Value transfers based on conservation project costs Estimations based on Marlianingrum et al. (2019) and consultations
with Government

Value transfers based on the average productivity of agriculture and Estimations based on Jakovac et al. (2020), Strassburg et al. (2020)
pastures for all mangrove-holding countries
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Consultants
Federal Government

State Government

Local Government
Non-Government Organisations

Other

Description

15 Representatives from 10 national engineering firms

4 | Four teams within the Department of Climate Change, Energy, the Environment and Water (DCCEEW)
5 Participants that are involved in managing the coast and coastal protection (NSW, QLD, SA, VIC, WA)
4 | Participants that are involved in representing the coastal councils (NSW, SA, VIC, WA)

2 The Nature Conservancy

1 National Environmental Science Program Marine and Coastal Hub (workshop funder)
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ssion Expected outcomes

1. Introduction © Shared definition of nature-based coastal protection

 Share the barriers communicated through previous surveys

2. Barriers and  Identify the priority barriers that need to be addressed

solutions  Define solutions for the priority barriers

3. Scenario 1  Conceptualise the barriers and solutions using a common coastal
asset protection problem

4. Scenario 2  Conceptualise the barriers and solutions using an open coast
protection problem

5. General  To capture any additional reflections on barriers or solutions to

discussion nature-based coastal protection

Activities

© Presentation on nature-based coastal protection and the survey results
© Menti activity for participants to add any other barriers that had been missed
from previous surveys

© Dot-sticker traffic light priority system was used in breakout groups to rank all
barriers, and the top two barriers from each group were communicated

A barrier was given to each breakout group to identify solutions. Groups then
rotated among barriers to add additional solutions and ranked the solutions
using the dot-sticker traffic light system

 Individuals were asked what the most needed solution was to enable nature-
based coastal protection using Menti

® Presentation on the common coastal asset protection problem and design steps

 Breakout groups identified the barriers at cach design stage, wrote them onto
cards and grouped them onto the venue wall

 Each breakout group was given one design stage and identified solutions for each
barrier. These were added to cards and placed on the wall beside the barrier

 Individuals were asked what the most important barrier was and three things that
could be done to solve the barrier using Menti

@ Breakout groups worked through the design stages using the barriers from
Scenario 1, and decided whether barriers were removed, or if there were new
barriers

 As above, groups identified solutions to the barriers

© As above, a Menti activity was done for individual feedback on the most
important barrier to solve with three solutions

Participants were placed in their stakeholder groups and asked to identify
immediate and future actions that could be taken by the group they were
representing to better enable nature-based coastal protection

© A whole-participant open floor group discussion
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Barrier Description

Lack of clarity regarding the options
available

Lack of community support

Lack of data on the costs and benefits

Lack of education or awareness.

Lack of funding

Lack of good examples being used

Lack of governmental support

Lack of long-term performance
evidence/examples

Lack of necessary expertise

Lack of technical guidelines

Planning or regulation barriers

Risk - level of reduction

Risk - coastal hazard

Risk - reputational

Risk - liability

Risk - marine spatial planning

Uncertainty in ongoing maintenance
and monitoring costs

Uncertainty in ongoing ownership/
tenure

Will not work quickly enough

‘The different types of nature-based coastal
protection that can be considered, and
their inclusion in existing compendiums

Support for nature-based coastal
protection from the local community that
could be adjacent landowners, regular
users of the area and may include
Traditional Owners

Data availability that would underpin a
multi-criteria analysis or benefit-cost
analysis to evaluate different coastal
protection options

Lack of understanding of nature-based
coastal protection (including its
definition) within different stakeholder
groups such as government, the
community, consultants

Funding availability and the confidence to
spend money on nature-based coastal
protection

Reference projects that span a range of
techniques, environments and at scale

Leadership provided by all levels of
government to support the
implementation of nature-based coastal
protection

‘The ability of nature-based coastal
protection to be adaptive in a changing
climate and maintain the risk reduction

required

The availability of expertise to procure,
design and construct nature-based coastal
protection, and better integration of
existing expertise into the process

Lack of (accessible) information on
project scoping, concept to detailed
design, life cycle costs, construction,
‘maintenance, and monitoring

Refers to gaps for enabling nature-based
coastal protection in strategic planning,
approvals, permits and consents

“The risk reduction that can be achieved by
nature-based coastal protection supported
by suitable scientific evidence

Coastal hazard risks present at a site for
which the solution needs to be designed

‘The damage that project failure might
have on an individual’s organization’s
reputation

Risks related to individual professional
indemnity insurance that under common
law consultants must show due care, skill
and diligence

Risks related to the organization that takes
ongoing liability (i., for maintenance/
monitoring/operation, and potential
unintended negative impacts it causes) for
the structure

Risks of the structure to other users, e.g,
health and safety for the community,
navigational risk for boating

‘The upkeep and monitoring required for
nature-based coastal protection and the
operating costs associated with this

The consideration of nature-based coastal
protection as an asset and who has
ongoing responsibility for the structure

‘The natural component may take time to
develop that does not align with the
timeframes needed to provide protection
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Hazard-prone roads connecting Bega LGA.
with other regions

Hazard-prone roads between localities and
service areas within Bega LGA

Hazard-prone residential streets

Connectivity

ices

care services

Economics Demographics

Increasing demand for aged | Decline in agriculture and aquacultural ‘ Balancing growth between commercial and ‘

Increasing demand for
services in remote areas

Need for service coverage
during hazards

productivity due to extreme events regional areas

Tourism industry decline due to hazards Need hazard-resilient and affordable housing to
meet current and future demand

Support local industries impacted by Safeguarding dispersed settlements during
hazard hazards

Hazard-prone utility assets

Bonine

-

Need for community
awareness of resilience

Need for circular economy innovation and

resilience initiatives

Consider settlement patterns in the context of
future hazards and growth
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Category Description Assessment

Value at risk

Asset Restoration | Replacement of discrete assets to | Cost Avoidance, Benefit
pre-disaster conditions Transfer

Environment and

Contingent Valuation,

Heritage goods and services Benefit Transfer
Aesthetic and Impacts on assets of aesthetic | Contingent Valuation,
Heritage and historical value Benefit Transfer
Value Potential
Service Increase performance and Contingent Valuation,
Performance capacity of essential social Benefit Transfer
services

Economic Uplift Increase economic investment, Market Value,
commerce and employment in | Contingent Valuation,
property and assets Benefit Transfer

Community Increase wellbeing and sense of | Contingent Valuation,
security from natural hazards | Benefit Transfer

I A —
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Criteria Criteria description Data

source
3 Risk Reduction and Resilience benefit Potential to deliver risk reduction and resilience benefits to hazards LT, Ws2 CSIRO/VAP
2 Co-benefits in times of stability and Potential to deliver co-benefits during times of stability (without hazards) and | R, WS2 CSIROIVAP
tourism season high season during times of high demand (peak tourist scason)
3 Co-benefits across movement scales Potential co-benefits of the intervention across movement patterns scales (to/ = R, WS2 CSIRO/VAP

from, within and through)

4 Co-beneficiaries beyond DRR Potential benefits of intervention for transport users and journey types LT, BVSC CSIRO/VAP

5 BVSC strategies and plans Alignment with the main BVSC strategies and plans R, WS2 | Bvsc

6 Regional strategies and plans To what extent does the suggested intervention contribute to regional strategies | R, WS2 BVSC |
7 Community Acceptance Social license To what extent the suggested intervention can have the acceptance of the LT, R CSIRO/VAP

‘community and stakeholders when suggested for realisation

8 Funding Potential To what extent is a suitable level of funding available/can be secured to fund the = LT, R CSIRO/VAP
cost of the project

¥ Benefits at least one other LGA Potential benefits for neighbouring LGAs (investment cases to be developed will = R, WS2 CSIRO/VAP
benefit two or more LGAs.)

10 Data and knowledge availability To what extent the relevant knowledge, data, and information is available for the = LT, WS2 CSIRO/VAP
realisation of the project

1 Effort/timeframe Needed ‘The scale of analysis (area, number of features) is commensurate with project | LT, WS2 CSIRONVAP
effort and timeframes

12 Complexity Degree of complexity for the accomplishment of this project LT, WS2 CSIRO/VAP

Notes LT, input from literature review; R, Input from local/national/federal reports; WS2, Input derived from Workshop2; CSIRO/VAP, Evaluation conducted by CSIRO/VAP, team; BVSC,
Bralustion condacted by EVSC. represontatines:
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Intervention Description

categories

Asset Hardening Improving the technical capacity/structure of an
asset to withstand different hazard types

Service Hardening Improving the services provided by an asset to
withstand different hazard types

Asset/Service Reliance Reduce reliance on asset/service by increasing
coping capacity/demand management/proposing
alternative options

Systemic changes Introduce policy changes to increase asset/service
resilience

Asset classes or astructure types

- Road Network (e.g...roads/bridges)

- Energy Systems (e.g., power lines)

- Water Supply (e.g, water treatment plant)

- NbS (eg., vegetation management)

- Communication Systems (e.g., transmission towers)
- Commmunication Facilities (g, evacuation centres)
- Large Infrastructure (e.g., ports, airports)

Source-Authors.
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Settling velocity (mm
Critical shear stress (Pa) for erosion

Critical shear stress (Pa) for deposition

Erosion rate (kg m” s

Organic marsh soil
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Vegetation type Vegetation parameters Bayou Monnaie-saline Bay Alexis-fresh marsh

marsh (shallow water)

(deep water)

Outer Inner Edge Outer

Minimum (Spring) Height (m) 132 056 - 087 069
[ Stem Density (plants m?) 2196 904 - [ 240 1568

Stem Diameter (mm) 39 37 - | 41 49

Maximum (Summer) Height (m) | 148 148 088 | 143 | 143
Stem Density (plants m) 1628 1628 1012 1760 1760

Stem Diameter (mm) 68 68 23 87 [ 87

Mangrove Height (m) [ 065 [ 065 065 e
Stem Density (plants m™?) 134 134 I - 134 134

Stem Diameter (mm) | 105 105 105 105
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Category Actual walking  Name of criterion Natural Minimum Approximate walking/

distance greenspace size cycling time
Small greenspace close to 200 m Doorstep Greenspace N 05ha Less than 5 min
home. I

300 m Local Natural Greenspace Y 2ha 5 min

Medium sized greenspace 1km Neighbourhood Natural Y 10ha 15 min
within 1 km Greenspace
Medium large greenspace 2km Wider Neighbourhood Y 20ha 35 min
within 2 km Natural Greenspace
Large greenspace within 5 km 5km District Natural Greenspace Y 100ha 15-20 min cycle from home
from home
Very large greenspace within 10 km Sub-regional Natural Y 500ha 30-40 min cycle from home
10 km from home Greenspace

Dt e ans domal wildns sad crding: st Csiaking wad Waibintoa Sio8






OPS/images/fenvs-12-1456519/fenvs-12-1456519-t006.jpg
Strengths Weaknesses

- The structure and composition of size and distance criteria are broadly consistent
with the findings of research into the health and wellbeing benefits of GI. (Lovell et al,
2020)

- ANGSt is an established and recognised standard that stakeholders have experience
of using

- The metrics constituting ANGSt are simple and can be used to assess accessibility at a
local and more strategic scale

- ANGSt data can be mapped in GIS and overlaid in GIS with other socio-economics
data such as multiple deprivation and population density

- The metrics provide scope for LPA to assess the extent of their Gl resource base and
use this information to make strategic decision-making over addressing deficiencies
in local provision

- Retaining ANGSt within a new GI Standard would provide continuity for
stakeholders to existing structures/processes, enabling them to situate their thinking
and uses of the new standard

- The lack of flexibility within ANGSt makes it difficult to include local environmental/
built context into decision-making and limits its application in different urban
densities

- The lack of prescribed focus in the NPPF makes the inclusion of ANGSt within Local
Plan structures difficult (unless compliance is legally required)

- The ongoing complexity of aligning local/national actions via the NPPF, Localism
Agenda, and duty to cooperate within policy make it difficult to embed ANGSt into
practice

- Clear guidance, capacity and funding would be required to support the use of a
national/local actioning of a new standard

- ANGSt does not reflect quality or capacity of green space
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Green Infrastructure
Strategy Standard

Accessible Greenspace
Standard

Urban Nature Recovery
Standard

Urban Greening Factor
Standard

Urban Tree Canopy Cover

Standard

eadline standard  Arex

ide

Local authorities work with stakeholders to strategically plan their G,
applying the 15 GI Principles and GI Standards and integrating GI
policies and development requirements in development plans and local
design codes. They set SMART targets in a Delivery Plan for achieving
the GI Standards (adapted to the local context) and plan the long-term
management and maintenance of all GL.

Everyone has access to greenspace to meet the AGS standard (see
Table 5). Local authorities have at least 3 ha of accessible greenspace
per 1,000 people, with no net loss in this metric. Accessible greenspace
meets the Green Flag Award Criteria (Green Flag website n/d) and “By
All Reasonable Means: Least restrictive access to the outdoors.”
(Sensory Trust & Natural Resourses Wales, 2022)

‘The proportion of G that s designed and managed for nature recovery
is increased by an agreed %, taking into account local needs and
constraints. Also, provide 1 ha of Local Nature Reserve per

1,000 people, and enhance and create new Local Wildlife Sites

At least 40% average green cover in urban residential neighbourhoods,
and no net loss of green cover

Urban Tree Canopy Cover is increased by an agreed percentage based
on a locally defined baseline, taking into account local needs,
opportunities and constraints

Major developm (>10 homes or >0.5 ha)
Developments have a GI Plan showing how the 15 GI Principles and the
GI Standards will be delivered, as set out in local GI policies and local
design codes. The GI delivered within (or associated with) major new’
developments should be managed, maintained and monitored for a
‘minimum of 30 years

‘The local authority specifies to the developer the quantity, size and
distance criteria for any accessible greenspace associated with the
development, and this is designed to meet the capacity (3 ha/
1,000 people) and quality (Green Flag, By All Reasonable Means)
standards

AGreen Infrastructure Plan for the development states how it will create
and restore wildlife-rich habitats, which can contribute to the delivery of
local nature recovery objectives, including Local Nature Reserves or
Local Wildlife Sites

Major development meets UGF scores of at least 0.3 for commercial
development, 0.4 for residential development, and (where appropriate)
0.5 for residential greenfield development

Major residential and commercial development is designed to meet the
area-wide targets. New and existing trees are incorporated into new
developments and new streets are tree lined (in line with national
planning policy)
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Proble Ecosystem service that is a par

‘ Climate risks
Coastal flooding and wind Coastal protection
Freshwater flooding Flood regulation (Green water storage)
Water insecurity Runoff Water availability
Other
Greenhouse gas emissions cause climate change Carbon sequestration and storage

Non-point source pollution to water Sediment retention Nutrient retention
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Criteria Inclusion

Population Studies that focus on either climate adaptation or ecosystem
services

Interventions | Implementation of NBS or climate-resilient garden management
practices, including both practical applications and theoretical
explorations

Comparators | Any

Outcomes | Improvement in ecosystem services or climate adaptation

Study designs | Any

Climate zones | Geographically under a temperate climate (Koppen-Geiger climate
classification - climate type ‘Cfb)

Languages English

Date ranges | None
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NBS applicable to domestic

gardens

References

Vegetation 1. Increasing the tree cover

2. Installing a green roof

3. Greening the fagade

4. Creating a complex and diverse understory

5. Minimizing the application of liming, fertilizers,
and pesticides

6. Reducing lawn mowing

Water 7. Installing a (natural) water body or rain garden

8. Harvesting rainwater

Soil | 9. Greening bare and sealed soil

10. Applying organic amendments

Pauleit and Duhme (2000), Davies et al. (2011), Cameron et al. (2012), Edmondson et al. (2014a),
Douglas and James (2014), Warhurst etal. (2014), Derkzen et al. (2015), Speak et al. (2015), Baro
and Gémez-Baggethun (2017), Davis and Naumann (2017), Ellison et al. (2017), Zolch et al.
(2017), Kotzen, 2018; Mancebo (2018), McVittie et al. (2018), Valencia et al. (2018), Langemeyer
etal. (2019), Roeland et al. (2019), Nemitz etal. (2020), Oral etal. (2020), Pearlmutter etal. (2020),
Knight et al. (2021), Langergraber et al. (2021), Orta-Ortiz and Geneletti (2021), Pereira et al.
(2021), van Oorschot et al. (2021), Veerkamp et al. (2021), Evans et al. (2022), Gerits et al. (2022),
Smith et al. (2022)

Cameron et al. (2012), Jaffal et al. (2012), Rozos et al. (2013), Speak et al. (2013), Douglas and
James (2014), Bar6 and Gomez-Baggethun (2017), Cabral et al. (2017), Davis and Naumann
(2017), Emilsson and Ode Sang (2017), Enzi et al. (2017), Monteiro et al. (2017), Zdlch et al.

(2017), Hellies et al. (2018), Mancebo (2018), McVittie et al. (2018), Salman et al. (2018), Grard

et al. (2020), Huang et al. (2020), Oral et al. (2020), Sitzenfrei et al. (2020), Ascenso et al. (2021),
Basu et al. (2021), Costa et al. (2021), Ferreira et al. (2021), Knight et al. (2021), Kumar et al.

(2021), Mobilia et al. (2021), Pearlmutter et al. (2021), Quaranta et al. (2022)

Baré and Gémez-Baggethun (2017), Emilsson and Ode Sang (2017), Enzi et al. (2017), Mancebo
(2018), Knight et al. (2021), Pearlmutter et al. (2021), Lakho et al. (2022)

Cameron et al. (2012), Warhurst et al. (2014), Derkzen et al. (2015), Speak et al. (2015), Bar6 and
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and Hadley (2019), Langemeyer etal. (2019), Roeland et al. (2019), Nemitz et al. (2020), Oral et al.

(2020), Orta-Ortiz and Geneletti (2021), Veerkamp et al. (2021), Boldrin et al. (2022), Gerits et al.
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Cameron et al. (2012), Pelfréne et al. (2019), Duddigan et al. (2020), Nemitz et al. (2020), Dobson
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Cameron et al. (2012)

Derkzen et al. (2015), Davis and Naumann (2017), Emilsson and Ode Sang (2017), Kefler et al.

(2017), McVittie et al. (2018), Watkin et al. (2019), Hewett et al. (2020), Huang et al. (2020), Oral

etal. (2020), Basu et al. (2021), Canet-Marti et al. (2021), Ferreira et al. (2021), Langergraber et al.

(2021), Orta-Ortiz and Geneletti (2021), Veerkamp et al. (2021), Krivtsov et al. (2022), Susnik
etal. (2022)
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screating horizontal diversity by selecting diverse plant species adapted to local conditions; and vertical diversity through a multi-tiered structure of varying vegetation heights.
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NA, no effect of specific NBS, on ecosystem service.

“other research suggests that adding just one tree has a negligible impact or even worsen
(Nemitz et al, 2020; Evans et al., 2022). Therefore, it is important to consider the placement of trees to avoid obstructing ventilation, which could potentially lead to the concentration of air

pollutants.

quality by emitting biogenic volatile organic compounds and producing wind dispersed pollen
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