

[image: Cover for "Ocean Acidification in Latin America," highlighting editors' names: Alberto Acosta, Betina J. Lomovasky, and others. Published in "Frontiers in Marine Science." Features an image of a whale breaching in the ocean.]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-7401-0
DOI 10.3389/978-2-8325-7401-0

Generative AI statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Ocean acidification in Latin America

Topic editors

Alberto Acosta – Pontifical Javeriana University, Colombia

Betina J. Lomovasky – Institute of Marine and Coastal Research (IIMyC), Argentina

Joan-Albert Sanchez-Cabeza – National Autonomous University of Mexico, Mexico

Jose Martin Hernandez-Ayon – Autonomous University of Baja California, Mexico

Cecilia Chapa-Balcorta – Universidad del Mar, Mexico

Citation

Acosta, A., Lomovasky, B. J., Sanchez-Cabeza, J.-A., Hernandez-Ayon, J. M., Chapa-Balcorta, C., eds. (2026). Ocean acidification in Latin America. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-7401-0





Table of Contents




Editorial: Ocean acidification in Latin America

Alberto Acosta, Joan-Albert Sanchez-Cabeza, Betina J. Lomovasky, Cecilia Chapa-Balcorta and José Martin Hernandez-Ayon

Infaunal bivalves exhibit resilience to ocean acidification but remain sensitive to food supply

Montserrat Antivero, Paz Caballero, Nicolás Leppes and Marco A. Lardies

Building ocean acidification research and policy capacity in the wider Caribbean region: a case study for advancing regional resilience

Kalina C. Grabb, Natalie Lord, Kerri L. Dobson, Debbie-Ann D. S. Gordon-Smith, Elva Escobar-Briones, Marcia Creary Ford, Sylvia Lander, Gabriella D. Kitch, Melissa Meléndez, Julio Morell, Alain Muñoz Caravaca, Jan Newton, Amber Packard, Alexis Valauri-Orton, Jair Valladarez, Clayton Vondriska and Elizabeth Wright-Fairbanks

Observations of Sargassum carbon influx and biogeochemical impact in La Parguera Marine Reserve

Priscilla N. Molina-Cora, Julio M. Morell, Loraine Martell-Bonet, Luis R. Rodriguez-Matos, Julián E. Morell and Maribel Vélez-Rivera

High-resolution monitoring of the pH under strong La Niña conditions in Gorgona Island, Colombian Pacific, Panama Bight

Andrea Murcia, Alberto Acosta, Alejandro P. Garcia, Andrea Corredor-Acosta, José Martín Hernández-Ayón, Simón Guitiérrez, Crispín Celis and Diana Ruiz-Pino

Temporal dynamics of the carbonate system in a tropical rhodolith bed from a protected Caribbean bay

Natalia Rincón-Díaz, Carlos E. Gómez, Valentina Piñeros-Pérez, Félix Alvarado-Jiménez, Samuel Núñez and Rocío García-Urueña

Statistical models for the estimation of pH and aragonite saturation state in the Northwestern Gulf of Mexico

EvaLynn Jundt and Xinping Hu

Linking surface pCO2 variability to physical processes along a continental shelf–ocean transect in the southwestern Atlantic Ocean during austral autumn and winter

Cíntia Albuquerque, Gizyelle Miguel, Jannine M. Lencina-Avila, Luana Pinho, Humberto Marotta, Alexandre Macedo Fernandes, Elisa Nóbrega Passos, Leonardo Amora-Nogueira, Edmo Campos and Leticia Cotrim da Cunha

Environmental conditions and carbonate chemistry variability influencing coral reef composition along the Pacific coast of Costa Rica

Celeste Sánchez-Noguera, Ines D. Lange, Jorge Cortés, Carlos Jiménez, Christian Wild and Tim Rixen

A tri-national initiative to advance understanding of coastal and ocean acidification in the Gulf of Mexico/Gulf of America

Emily R. Hall, Xinping Hu, Jennifer Vreeland-Dawson, Kimberly K. Yates, Mark Besonen, Jorge Brenner, Leticia Barbero, Sharon Z. Herzka, Jose Martín Hernández-Ayon, Nuno Simoes and Patricia González-Díaz

Effects of ocean acidification on fatty acid composition in the Antarctic snail Neobuccinum eatoni

Natalia Servetto, Marleen De Troch, Gastón Alurralde, Luciana Ferrero, M. Carla de Aranzamendi and Ricardo Sahade

Seasonal air-sea CO2 flux dynamics in Colombia’s Gorgona Marine Area during La Niña 2021–2022

Simón Gutiérrez Duque, Alberto Acosta, Andrea Murcia, Alejandro P. Garcia, Andrea Corredor-Acosta, José Martin Hernandez-Ayon, Luz de Lourdes Aurora Coronado Álvarez, Lucía Carolina Kahl and Diana Ruiz-Pino





EDITORIAL

published: 12 January 2026

doi: 10.3389/fmars.2025.1760804

[image: Frontiers: Stamp Date]


Editorial: Ocean acidification in Latin America


Alberto Acosta 1*, Joan-Albert Sanchez-Cabeza 2, Betina J. Lomovasky 3, Cecilia Chapa-Balcorta 4 and José Martin Hernandez-Ayon 5


1UNESIS (Unidad de Ecología y Sistemática), Departamento de Biología, Facultad de Ciencias, Pontificia Universidad Javeriana, Bogotá, Colombia, 2Unidad Académica Mazatlán, Instituto de Ciencias del Mar y Limnología, Universidad Nacional Autónoma de México, Mazatlán, Sinaloa, Mexico, 3Instituto de Investigaciones Marinas y Costeras (IIMyC), Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Mar del Plata (UNMDP) - Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Mar del Plata, Argentina, 4Licenciatura en Oceanología, Instituto de Recursos, Universidad del Mar, Cd.Universitaria SN, Puerto Ángel, Oaxaca, Mexico, 5Instituto de Investigaciones Oceanológicas, Universidad Autónoma de Baja California, Carretera Ensenada-Tijuana, Ensenada, Mexico




Edited and reviewed by: 
Eric ‘Pieter Achterberg, Helmholtz Association of German Research Centres (HZ), Germany

*Correspondence: 
Alberto Acosta
 laacosta@javeriana.edu.co


Received: 04 December 2025

Accepted: 10 December 2025

Published: 12 January 2026

Citation:
Acosta A, Sanchez-Cabeza J-A, Lomovasky BJ, Chapa-Balcorta C and Hernandez-Ayon JM (2026) Editorial: Ocean acidification in Latin America. Front. Mar. Sci. 12:1760804. doi: 10.3389/fmars.2025.1760804



Keywords: CO2, Latin America, OA, ocean acidification, oceanography


Editorial on the Research Topic 


Ocean acidification in Latin America




1 Advances and challenges in ocean acidification research in Latin America: towards a comprehensive regional vision

Ocean acidification is among the most significant threats to marine ecosystems worldwide, with profound implications for biodiversity, food security, and coastal economies (Gattuso et al., 2023). The Latin American region, with its vast coastline (approximately 59,960 km) and productive marine areas, hosts some of the planet’s most biodiverse ecosystems, including those in the Humboldt Current, the Tropical West Atlantic, the Pacific Central-American Coastal regions, the Gulf of California and the Southwest Atlantic. These ecosystems are critical to livelihoods and climate regulation, supporting diverse habitats such as coral reefs, mangroves, salt marshes, sandy beaches and kelp forests. However, they face significant threats from pollution, degradation, and are particularly vulnerable to changes in ocean chemistry. The studies compiled in this Research Topic of Frontiers in Marine Science provide crucial, up-to-date evidence on the complex interactions between global climate forcings and intricate local oceanographic variability, as well as their impacts on economically and ecologically important species, providing a detailed, multidimensional picture of the region’s specific vulnerabilities and resilience mechanisms. This editorial summarizes the 11 studies in this Research Topic, highlighting the advances in understanding OA in Latin America.




2 Synthesis of the Research Topic: an integrated vision of regional research

The research compiled in this Research Topic reveals a mature, multidimensional scientific landscape, where diverse methodological approaches, geographical regions, and biological groups intertwine to offer a more comprehensive understanding of ocean acidification in Latin America. The emerging body of work shows a scientific community successfully transitioning from specific descriptive studies initiated in the early 21st century toward integrative research that captures the complexity of the phenomenon and its underlying physical, chemical, and biological mechanisms.

This methodological evolution manifests through three complementary approaches that constitute the backbone of regional research. High-resolution environmental monitoring in the Colombian and Mexican Pacific has captured the variability of the carbonate system at daily and seasonal scales, while observational programs have been established in critical ecosystems such as Caribbean rhodolith beds. In parallel, controlled experimentation has generated fundamental knowledge of physiological stress response mechanisms, ranging from biochemical adaptations in Antarctic mollusks to differential tolerance in infaunal bivalves subjected to combined acidification and food limitation. Complementing these approaches, the advanced statistical modeling developed for the Gulf of Mexico represents a qualitative leap by enabling the spatial reconstruction of acidification parameters using Artificial Intelligence (AI) and machine learning algorithms, overcoming the limitations of traditional sampling.

Geographically, the studies trace a comprehensive arc spanning the Eastern Tropical Pacific, the Caribbean, the sub-Antarctic regions and Antarctica. The Pacific emerges as an area of special interest, with seminal contributions in Colombia unraveling CO2 dynamics during La Niña events, and Costa Rica identifying key factors for coral reef development. The Caribbean region demonstrates notable scientific productivity, with advances in understanding rhodolith beds as potential biogeochemical refuges, and studies from Puerto Rico on the impact of Sargassum influx, and tri-national capacity assessments.

The biological dimension of the research effort spans from organismal responses to ecosystem dynamics. Mollusks emerge as a paradigmatic study group, with research ranging from physiological responses in Antarctic snails to tolerance studies in Chilean infaunal bivalves. Benthic ecosystems receive special attention, particularly Caribbean rhodolith beds and Pacific reef systems, while planktonic communities are indirectly addressed through their relationship with CO2 fluxes in the southwestern Atlantic and the Colombian Pacific.

The studies’ temporality evidences growing methodological sophistication, articulated across three complementary scales. Short-term, high-resolution investigations capture hourly and daily variability in the carbonate system in specific scenarios, while seasonal-scale studies unravel intra-annual cycles in systems subjected to ENSO events, upwelling, seasonal rainfall, and river discharge. Long-term initiatives, coupled with regional capacity assessments, lay the foundations for sustained monitoring programs and propose roadmaps for scientific development in the coming decades. Exploring innovative financing mechanisms, such as blue carbon credits, could provide a sustainable funding source for these critical long-term efforts.




3 Expanded Latin American context: scientific progress and regional complexity

The relevance and significance of these findings are considerably magnified when contextualized within the broader panorama of contemporary Latin American ocean acidification (OA) research. This region possesses an exceptional diversity of marine systems that serve as unique natural laboratories for studying ocean acidification under extreme and variable environmental conditions. From the planet’s most productive upwelling systems and estuarine coastal zones to extensive tropical river mouths and complex Mesoamerican reef systems, Latin America —spanning the Gulf of Mexico, the Caribbean, and the Atlantic and Pacific Oceans— offers a complete spectrum of conditions for understanding how ocean chemistry responds to multiple climatic and oceanographic forcings.

However, this environmental richness and complexity are accompanied by a significant and persistent scarcity of systematic, long-term data, a fundamental limitation that has begun to be addressed through visionary collaborative initiatives. The creation of research networks like the tri-national network for the Gulf of Mexico (Cuba, Mexico, and the U.S.) to address the socioeconomic and ecological impacts of open and coastal acidification; the strategic formation of the GOA-ON Caribbean Hub, the Latin American Ocean Acidification Network (LAOCA), which reached its 10th anniversary in November 2025, and the Research Network of Marine-Coastal Stressors in Latin America and the Caribbean (REMARCO) represent crucial and well-oriented efforts to overcome historical barriers of technical capacity, limited infrastructure, inefficient scientific communication, and insufficient funding that have characterized regional marine research for decades.

Innovative research on the southwestern Atlantic shelf and the Colombian Pacific underscores the critical need for this collaborative approach, revealing that the spatial and seasonal variability in CO2 fluxes is too complex for conventional large-scale climate models to capture with sufficient accuracy. Collectively, these studies illustrate a regional scientific community undergoing rapid growth and maturation, one that is beginning to produce robust, context-specific data essential for understanding the unique interplay between global stressors and local drivers that characterize our seas.




4 Future challenges and research directions

The studies presented in this Research Topic not only advance our knowledge but also critically illuminate the specific gaps that Latin America must overcome. These works represent a fundamental step in transitioning from a general diagnosis of ocean acidification to the development of applied solutions and informed policies.



4.1 Overcoming disparities in scientific capacity and governance

One of the most profound challenges is inequality in scientific production. The aforementioned network initiatives are vital strategies to counteract structural disparities. These networks promote equity in knowledge generation, standardize methodologies, and strengthen regional governance. However, persistent challenges include: technical and legal barriers to inclusive participation, the development of open-access databases and knowledge exchange platforms, and the need to incorporate considerations of food security, livelihoods, equity, transparency, and public participation.




4.2 Integrating knowledge into public policies and the transition toward decarbonization

Growing pollution and massive Sargassum events underscore how organic carbon fluxes exacerbate coastal acidification. Addressing this requires closing the gap between science and action through robust policies. It is fundamental to understand that acidification is a problem directly driven by CO2, and that technological solutions like Solar Radiation Management (SRM) cannot directly address ocean acidification (Williamson and Turley, 2012). SRM, which seeks to reflect sunlight to cool the planet, does not reverse the ocean chemistry altered by CO2 and could even redistribute acidity to greater depths. Therefore, the primary solution is the decarbonization of our economies and a drastic reduction in CO2 emissions (Hoegh-Guldberg et al., 2023). Promoting a circular economy and implementing Integrated Coastal Zone Management (ICZM) and the restoration of blue carbon ecosystems are essential tools for this transition, transforming scientific evidence into regulatory action. Concurrently, research into marine Carbon Dioxide Removal (mCDR) techniques is accelerating. These include ocean nutrient fertilization (with N, P, Fe); macroalgal cultivation and sinking; direct ocean capture; ocean alkalinity enhancement via electrochemical or other means; ecosystem restoration; and artificial upwelling-downwelling. It is critical to note that all of these potential solutions require extensive validation, risk assessment, and scaling studies before deployment. Furthermore, implementing ethical and regulatory frameworks is essential to mitigate potential ecological risks associated with new research and technologies (mCDR).




4.3 Scaling up monitoring and addressing coastal complexity in a global context

The scarcity of historical data in the region is a critical barrier. Long-term time series, like those from the ESTOC station in the North Atlantic, are invaluable as they confirm that the surface ocean is actively absorbing anthropogenic carbon and undergoing acidification, with trends accelerating in recent decades (González-Dávila and Santana-Casiano, 2023). Statistical modeling depends on these sustained observations for validation. It is imperative to scale up monitoring efforts —potentially funded through diverse sources including private investment (e.g., carbon credits), philanthropy, and government and academic grants— to capture the complex interaction dynamics within Latin American coastal zones, where river inputs, upwelling, and extreme climate events create a mosaic of acidification conditions. Understanding these interactions is essential for refining global predictive models.





5 Conclusion: towards a unified regional vision on a warming planet

Latin American science on ocean acidification has demonstrated its technical maturity and regional relevance. The pioneering studies in this Research Topic substantially enrich global knowledge and provide a solid evidence base for decision-makers to effectively protect valuable marine resources.

However, the future health of Latin American oceans is inextricably linked to global efforts to mitigate global warming. The most recent scientific evidence confirms that we have reached the first global climate tipping point: the widespread collapse of warm-water coral reefs (Armstrong McKay et al., 2022). This finding, recently highlighted in the Global Tipping Points Report (Lenton et al., 2025), underscores the extreme urgency of the situation. The ocean, which absorbs approximately 30% of annual anthropogenic CO2, has been a powerful ally in mitigating warming, but at an enormous cost to its chemistry and ecosystems (Hoegh-Guldberg et al., 2023). This vital service of natural decarbonization is threatened by acidification itself, which may weaken the ocean’s capacity to store carbon in the future (Hu, et al., 2024). Therefore, protecting the ocean through an urgent and drastic reduction in CO2 emissions is not only a matter of marine conservation but an essential strategy for global climate stability. OA studies are critical to this endeavor, providing insights into the species, life stages, and habitats most sensitive to changes in carbonate chemistry. This knowledge establishes the scientific baseline needed to monitor, report, and verify (MRV) the efficacy of any ocean-based CO2 reduction or removal strategy. Given that current estimates indicate the need to remove approximately 10 gigatons of CO2 per year from the global oceans by 2050, it is clear that traditional mitigation methods alone are insufficient, and a portfolio of strategies, informed by robust OA research, is urgently required.

The path forward demands strengthened regional collaboration, sustained investment in local scientific capacity, and firm political determination to close the gap between knowledge and action. The visionary commitments we collectively assume today, guided by science and oriented toward a global energy transition and the responsible development of marine carbon dioxide removal methods, are the only way to ensure the health of Latin American oceans and the well-being of the millions of people who depend on them.
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Soft-sediment habitats are crucial for marine coastal ecosystems, supporting diverse biodiversity both above and below the sediment. Ocean acidification, driven by rising CO2 and nutrient influx, enhances heterotrophic metabolism, raising CO2 levels and lowering pH. These alterations complicate the dynamics of tidal flat, emphasizing the need for further research into their impact on biodiversity. Within these ecosystems, deposit- and suspension-feeding bivalves play crucial roles. Tagelus dombeii, a bivalve mollusc found in soft sediments, exhibits burrowing behavior linked to food supply and is of significant commercial value in southern Chile. This study assessed the response capacity of T. dombeii to key stressors associated with global ocean change, such as ocean acidification and food availability. Our results revealed significant differences in pH levels between the water column and pore water from the sediment in experimental mesocosms. T. dombeii was affected by ocean acidification and food availability in terms of its morphological traits (i.e. length, width, height and growth rate), while oxygen consumption was influenced only by the interaction between acidification and food supply. Notably, heart rate remained constant but increased when food supply was low. Our study suggests that T. dombeii exhibits partial tolerance to variations in seawater pH and carbonate chemistry, possibly due to its natural exposure to acidic pore water, but it is sensitive to food availability. These plastic physiological responses suggest that T. dombeii may be less vulnerable to future global change scenarios, demonstrating potential resilience and ecological success in its natural habitat.
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Introduction

The shallow seas found in coastal areas are highly valued ecosystems, ranking higher than open ocean systems, primarily because of their critical role in storing and cycling essential elements and nutrients (biogeochemical cycling) such as Carbon, CaCO3, nitrogen, and phosphorus (Bendell et al., 2014; Kessouri et al., 2021; Iram et al., 2022). Soft-sediment habitats play a vital role in the functioning of marine coastal areas (Clements and Hunt, 2017). These habitats harbor a significant amount of marine biodiversity both above (epifaunal) and below (infaunal) the sediment surface, including various deposit-feeding and suspension-feeding bivalves (Van Colen et al., 2020). Tidal flats are notable for their infaunal inhabitants, which actively burrow into the mud and act as ecosystem engineers by shaping their surrounding microenvironment (Wethey and Woodin, 2022; Salas et al., 2022). These infauna organisms encompass a diverse array of species, including molluscs, worms, and crustaceans (Jaramillo et al., 2007; Singer et al., 2023). According to Murray et al. (2019), global tidal flats have experienced a loss of 16% in their extent from 1984 to 2016, amounting to over 20,000 km2. These impacts are overlapped with global environmental drivers that are undergoing significant changes, including ocean warming (OW), ocean acidification (OA), and deoxygenation (DO).

The progressive escalating levels of atmospheric CO2 driving ocean acidification, combined with the substantial influx of nutrients into coastal regions through upwelling (Torres et al., 2011) or large river systems (Liu et al., 2021) can amplify heterotrophic metabolism. This, in turn, leads to amplified CO2 levels in the water column and exacerbates declines in pH (Carlton et al., 2023). These combined factors contribute to the intricate and ever-changing dynamics of tidal flat ecosystems, emphasizing the ongoing need for research and conservation efforts in these unique habitats. Emerging trends in ocean acidification, driven by high emissions in the 21st century, are projected to exacerbate atmospheric CO2 concentrations, which are expected to surpass 500 parts per million and result in a doubling of ocean heat uptake – levels significantly higher than those observed over the past 420,000 years, a period during which most extant marine organisms evolved (Hoegh-Guldberg et al., 2007; Gleckler et al., 2016).

Shallow-water sediments play crucial roles in the global carbonate cycle as they serve as a significant reservoir of CaCO3 (Andersson and Mackenzie, 2004). These sediments can react to the decreasing saturation state of seawater, releasing alkalinity into the overlying water column. The impact of sediment shell hash on the productivity of infaunal bivalves is still unclear and requires further investigation. The saturation state of calcium carbonate (CaCO3) in seawater is a key driver of shell formation and preservation in marine invertebrates, as it directly influences their ability to deposit calcium carbonate (Barclay et al., 2020). However, this process is also strongly affected by environmental hypercapnia, which reduce carbonate ion availability and thus lower the CaCO3 saturation state. As a result, hypercapnia can indirectly impair calcification. Indeed, long-term exposure to high pCO2 has been associated with reduced growth and/or calcification rates in several marine taxa, including mussels (Michaelidis et al., 2005; Navarro et al., 2013; Leung et al., 2022), echinoderms (Asnicar and Marin, 2022), and coral species (Hoegh-Guldberg et al., 2007; Leung et al., 2022; Rathbone et al., 2022). Species with greater tolerance to such conditions often dis-play high metabolic rates, mobility, and activity levels (Medeiros and Souza, 2023). Overall, ocean acidification has been recognized as a significant threat to marine mollusks, including infaunal bivalves (Gazeau et al., 2013; Martel et al., 2022). However, these effects are often described predominantly within the context of water column acidification, overlooking or with comparatively fewer attention on the drastically different pH and carbonate system conditions that infaunal species experience below the sediment-water interface. Consequently, it is often assumed that infaunal organisms are more resilient to ocean acidification (Widdicombe et al., 2011), and several studies support their apparent tolerance to changes in seawater pH and carbonate chemistry (Vlaminck et al., 2023). However, other research has shown that sediment acidification can negatively affect infaunal organisms, particularly marine bivalves (Hu et al., 2014; Clements et al., 2016; Martel et al., 2022; Vlaminck et al., 2023).

Food supply is a factor that could potentially lead to detrimental effects on marine invertebrates, in addition to other global change effects such as ocean acidification (Lawrence et al., 2015; Flombaum and Martiny, 2021; Kwon et al., 2022). Food supply for bivalves depends on marine phytoplankton which contributes roughly 50% of global net primary production (Field, 1998), while for deposit feeders bivalves obtain their food from organic particle settling from water column, biodeposits and/or detritus (Navarro et al., 2008). A recent analysis of a 26-year time series of spatially averaged monthly mean chlorophyll-a (Chl-a) concentrations in the Southern Pacific Ocean revealed that the largest deviations in Chl-a were closely associated with El Niño–Southern Oscillation (ENSO) events, as evidenced by the strong correspondence between Chl-a anomalies and the Multivariate ENSO Index (Johnson and Lumpkin, 2024). These fluctuations underscore the central role of ENSO-driven variability in modulating nutrient availability, both through altered oceanographic circulation patterns and the disruption of coastal upwelling systems, which are otherwise critical sources of nutrient input sustaining primary productivity in this region. Furthermore, in the tidal flats, the intensified urbanization of coastal habitats has led to a significant degradation of food-web complexity and ecosystem services due to multiple stressors (Eriksson et al., 2010; Christianen et al., 2017). While the combined effect of both factors (OA and food supply) is not widely discussed in the literature, some studies have examined this effect in mollusks. Studies on the effect on oyster larvae (see Hettinger et al., 2013) have shown that a combination of high pCO2 levels and low food supply results in reduced physiological performance. However, this effect occurs independently for each factor and is not additive. It is of vital importance to mention that food supply plays a crucial role in determining an organism’s response to stressful situations, with significant implications for shell-forming mollusks (Ramajo et al., 2016a, 2019; Harayashiki et al., 2020). Therefore, we hypothesized that increased food supply would mitigate the negative effects of acidification in infaunal bivalves.

The tidal flats of southern Chile are characterized by the presence of numerous species of bivalve molluscs, many of which are of commercial importance (Clasing et al., 1994; Navarro et al., 2008). Several species of bivalves coexist at the lower intertidal of large tidal flats located in the enclosed or inland coast of the northern area of the North-Patagonic archipelagos on the Chilean coast (ca. 40–42°S): Tagelus dombeii (Lamarck), Tawera gayi, Ameghinomya antiqua, Semele solida, Gari solida, Mytilus chilensis, and Zemysina insconspicua (see Stead et al., 2002; Jaramillo et al., 2007). In general, studies have shown that sediments with higher densities of bivalves, particularly those where deep burrowers are most abundant, exhibited greater species richness and higher densities of macroinfauna (Stead et al., 2002; Jaramillo et al., 2007). The majority of eulamellibranch bivalves (i.e T. dombeii) engage in suspension feeding while deposit-feeding behavior has only been observed in the Tellinacea and Lucinacea species (Morse and Zardus, 1997; Lardies et al., 2001; Navarro et al., 2008).

In this study, we investigated the effects of ocean acidification and food supply on the morphological traits and physiological performance of the razor clam T. dombeii (Lamarck, 1818), which coexists with the bivalve community in the sandflats of Coihuín, Reloncaví Sound (41°29’S, 72°54’W).





Material and methods




Sampling of organisms and mesocosm setup

During spring, 100 juvenile individuals of Tagelus dombeii (Lamarck, 1818) (Tellinacea: Solecurtidae) with a mean of 18 mm in length, 7 mm in width, and 3 mm in height, which is below the reported size at sexual maturity (40–50 mm in length; Lépez et al., 1997; Sánchez et al., 2003), were collected from the soft sediments of the Coihuín tidal flat (41°29’ S, 72°54’ W), located 8 km southeast of Puerto Montt, Los Lagos Region, Chile (see Supplementary material Figures 1). Sea surface temperature follows a seasonal pattern at Coihuín, with the lowest values occurring during the winter months (8°C), increasing towards the summer maximum in January (17°C; Urrutia et al., 2001; Lardies et al., 2001). Near the sampling site, the spectral exponent (β) of seawater chemical parameters is -1.703 for temperature, -1.584 for salinity and -1.206 for pH indicating high unpredictability dominated by random short-term environmental fluctuations compared with near locations (see Castillo et al., 2024 for details). In contrast, the porewater at a depth of 5 cm in the sediment of the Coihuin tidal flat, during November, has a temperature of 13.19°C, pH of 7.72, and salinity of 30.66 (Lardies et al., unpublished data). The intertidal sediment of Coihuín tidal flat is predominantly sandy (93.81%), and the content of mud (particles < 63 mm diameter) is low in Coihuín, with an annual average of 1.83% (Lardies et al., 2001). Observed organic matter content is low (0.68%), and in the biogenic aggregates (i.e. detritus, phytoplankton, and bacteria) that represented an 0.58% (Lardies et al., 2001). The individuals were transported under humid conditions to the laboratory. No mortalities were recorded during transport. In the laboratory, individuals were acclimated for three days in a “common garden” aquarium containing filtered natural seawater at 12°C (32 ppm salinity, 12D:12N photoperiod), with daily feeding of microalgae, to minimize stress responses associated with transportation. Due to their small size and delicate shells, individuals were not marked to avoid causing harm or shell damage to the animals.

For the mesocosm experiment, random groups of 4 individuals were created and assigned to each 9-liter aquariums for an experimental trial of 67 days. Each aquarium was filled with 6 cm of commercial quartz sand (https://dondecapo.cl/project/cuarzo-32/) across the entire bottom and filled to its total capacity with filtered and UV-sterilized natural seawater (see Martel et al., 2022). It is necessary to use inert material to avoid potential effects of sediment altering the chemical properties of the water, such as pH or alkalinity (Brenner et al., 2016). Water and pore water were measured prior to the experiment for all the 16 aquariums to ensure that the system was within the desire environment condition values.

The assigned treatments included levels of acidification and food supply, simulating CO2 concentration scenarios with a current scenario of 500 µatm and a future scenario of 1500 µatm (pH = 8.0 and 7.5, respectively; described in Navarro et al., 2013; Vargas et al., 2017). The food source used was microalgae (see below) and was assigned as either optimal or restricted food, relative to the individual’s dry weight. As reported by Navarro et al. (2008), the optimal food level corresponds to 4% of individual’s dry weight, while the restricted food level corresponds to 1%. Each aquarium was assigned to one of the 4 treatments, that are: 500 μatm – 1% food supply, 500 μatm – 4% food supply, 1500 μatm – 1% food supply and 1500 μatm – 4% food supply.

During the experimental period, razor clams were fed daily following this relationship with their dry weight (1% and 4%), using Reef Blizzard-O suspension (Brightwell® Aquatics) diluted in 10 mL of filtered and UV-sterilized seawater. All aquariums were monitored daily for mortality without replacement in case of death, reconsidering the food amount per aquarium. Water in all aquariums was renewed twice per week to maintain appropriate conditions. At the end of the experiment, the morphological and physiological measurement were taken from the individuals that survive and then were sacrificed.

Additionally, one aquarium with identical characteristics was subjected to the CO2 exposure for each treatment. In each aquarium, three complete shells were placed on the sand surface, while three additional complete shells were buried approximately 3 cm deep in the sand. The buoyant weight, length, width, and height were measured, and at the end of the experiment, the same parameters were measured for each shell. This was done to estimate the rate of dissolution in the empty shells, which were not affected by biological activity. The buoyant weight (from now on referred as growth rate) served as an indicator of calcification (or decalcification; Lagos et al., 2016). During the experiment, additional individuals collected from the same site were used to analyze the relationship between shell length and dry tissue weight, as well as between oxygen uptake and dry tissue weight, using linear regression.





Seawater pCO2 levels

The pH treatment levels (8.0 and 7.5) were achieved by adding a mixture of dry air with pure CO2 (partial pressure of CO2 [pCO2] = 500 and 1500 μatm, respectively) to each aquarium with seawater in a regular continuous flow using mass flow controllers (Aalborg Instruments & Controls, Inc., Orangeburg, NY, USA; for details see Benítez et al., 2018). The pH of the water (NBS scale) was measured by extracting 60 mL of water from the aquariums with disposable syringes for each aquarium, and then measuring the pH twice with the same water sample. The sediment pH was measured using a 10 mL micropipette (Labnet BioPette Plus), extracting pore water by inserting the micropipette tip around 2–3 cm into the sediment, following the sampling method of Bendell et al. (2014). Water was extracted three times from the same aquarium, transferred to Falcon tubes, and pH was measured twice with each sample. All samples were measured using a pH meter (Mobile 826, Metrohm, Herisau, Switzerland), which was connected to a combined electrode (junction-type). During measurements, temperature was also recorded using a digital thermometer, and seawater salinity was measured using a portable salinometer (Salt6+, Oakton; precision: ± 0.1 PSU and ±0.5°C, respectively). Alkalinity samples were collected twice a week, ensuring that all aquaria were sampled in both the water column and pore water during each sampling week. The samples were fixed with a saturated solution of HgCl2 and stored in 50 mL Falcon bottles in the laboratory under dark and ambient temperature conditions. At the end of the experiment, alkalinity was analyzed using a multiparameter photometer (Hanna HI83303) in the seawater alkalinity mode. For this, 10 mL of aquarium sample was used as a blank, and then 1 mL of reagent (HI755) was added, based on the colorimetric method. The results were expressed in mg/L and subsequently converted to µmol/kgSW to assess the carbonate system.

Temperature, salinity, pH, and alkalinity measurements were used to calculate the carbonate system parameters. These included the partial pressure of CO2 (pCO2) and the saturation states (Ω) of calcite and aragonite, which were estimated using the CO2SYS software in Excel (Pierrot et al., 2006) and the dissociation constants from Mehrbach et al. (1973), refitted by Dickson and Millero (1987), for both the water column and the sediment.





Measurements of biological traits

The measurement of growth rates and morphological changes in individuals during the experiment was obtained by measuring the buoyant weight, length, width, and height of each experimental individual. Buoyant weight corresponds to the weight of the individual in water and is used as a non-invasive estimator of calcification rate, i.e., the growth of individuals (Palmer, 1982). It was measured at the beginning and end of the experiment using an analytical balance (± 0.1 mg, AUX 220, Shimadzu, Kyoto, Japan). For measurements of length, width, and height, an electronic caliper Mitutoyo (Sakado, Japan) was used at the beginning and end of the experiment. Empty shells (without soft tissues) from aquariums under CO2 treatments were measured for buoyant weight, without biological activity, using the same analytical balance used for measuring the buoyant weight of individuals, while for length, width, and height were measured using the electronic caliper.

At the end of the 67 days, the metabolic rate and heart rate were measured to obtain the energy expenditure value of the individuals. Metabolic rate measurements were taken before daily feeding, using 0.067 L glass respirometry chambers with a PreSens Mini Oxy-4 respirometer (PreSens GmbH, Regensburg, Germany). To measure oxygen consumption (mgO2 L-1 h-1), dissolved oxygen in the chambers was quantified every 15 seconds for approximately 1 hour. Finally, the obtained measurement was standardized per gram of weight to obtain the specific metabolic rate of each individual (see Lardies et al., 2021). Background measurements (chambers without animals) were made at the same experimental conditions to quantify microbial oxygen consumption to be subtracted from each experimental measurement. No reduction over 3% of oxygen consumption was recorded (see Osores et al., 2017). Previously, the sensors were calibrated in anoxic water, using a Na2SO3 solution for 0% oxygen and water saturation with air bubbles for 100% oxygen. The obtained measurement was standardized per gram of weight. Heart rate measurements were taken following the methodology of Gaitán-Espitia et al. (2014) and Rodríguez-Romero et al. (2022) using as a proxy of cardiac activity at constant temperature of 12°C for all measurements. Individuals were immobilized with adhesive tape on a plate. One measurement per individual was taken in batches of 4 individuals, each in an individual chamber installed in the temperature-controlled bath (± 0.5°C, LWB-122D, LAB TECH). The protocol included 5 minutes of initial acclimation and 15 minutes of measurement. An AMP 03 heartbeat amplifier (Newshift Lda®) was used, connected to an oscilloscope. Measurements were taken for all the individuals, and the results were expressed in beats per minute.





Statistical analysis

To avoid pseudo-replication errors, variables for each individual were averaged by aquaria. First, homogeneity and normality tests were performed for the data, including Levene and Kolmogorov-Smirnov tests, respectively. To assess the difference in pH levels of both water and sediment water (pore water), a repeated ANOVA measure was performed, considering the variable place (source of water) as a within-subjects factor (within the same aquaria) and sampling time was treated as between-subjects factor.

A Two-Way ANOVA was conducted to assess the effect of CO2 levels, food availability, and the interaction between both factors on morphological traits (length, height, width and growth rates), dissolution rates, oxygen uptake, and heart rate. This determined whether the factors separately or their interaction had significant effects on the individuals. Tukey’s HSD was used as a posteriori test when the main factors indicated significant differences between levels of the corresponding factor (Underwood, 1997). Additionally, the effect size of the treatments on both physiological and morphological variables was calculated using the log response ratio (lnRR), defined as lnRR = treatment/control. This approach allowed for a direct comparison of treatment effects relative to the controls. Bootstrapping was used to estimate the 95% confidence intervals of the lnRR values. All the analyses were conducted in R statistical environment (R Core Team, 2024).






Results

All environmental variables remained stable in all of the treatments throughout the experimental period, with low variations in pH, salinity, and temperature (see Table 1). Based on the analysis of characterization of the population, the relationship between length and dry tissue weight of the individuals showed an R2 value of 0.91, while the relationship between oxygen uptake and dry tissue weight showed an R2 of 0.57 (see Supplementary Figures S2A, B).

Table 1 | Mean values (± SE) of carbonate system parameters for each experimental treatment, including pCO2 levels (500 and 1500 μatm) and food supply (1 and 4% of tissue dry weight), among the two sampling sites within the aquaria (water and pore water).


[image: A data table presents the experimental results of different treatments in water and pore water. The variables measured include temperature (°C), salinity (psu), pH at 25°C, total alkalinity (A_T) in micromoles per kilogram, partial pressure of carbon dioxide (pCO2) in microatmospheres, and the saturation states of calcite (Ω_ca) and aragonite (Ω_ar). The table indicates two main treatments at two levels of food supply, with results averaged and standard deviations included. A note clarifies that pH is on the NBS scale.]
A significant difference in pH levels was observed between the water column and the pore water (P < 0.01, repeated measures ANOVA, see Supplementary Table S1, Figure S3), but no differences were found based on the sampling time. On average, the pH of the water column was 7.81 ± 0.017 SE, while the pH of the pore water was 7.54 ± 0.018 SE (see Supplementary Figures S3, S4). Particularly, a difference in pH was observed between the overlying water and the sediment, which ranged between 0.28 and 0.57 units under CO2 levels of 500 μatm and between 0.16 and 0.34 units under CO2 levels of 1500 μatm.

Mortality was assessed after the experimental trial. Under the 500 µatm CO2 treatment, individuals exposed to a 4% food supply exhibited a mortality rate of 38.5%, whereas those maintained at a lower food level (1%) showed reduced mortality (14.3%). In contrast, at 1500 µatm CO2, mortality remained at 25.0% under the 4% food condition but increased markedly to 54.0% under the 1% food supply, highlighting an interactive effect between food availability and CO2 levels on survival.




Morphological traits

The interaction between pCO2 and food supply affected the individuals’ morphological characteristics (i.e. length, width, height, growth rate) (Figure 1; Table 2). High food supply in low pH conditions increased total width, with a marginally significant effect in the interaction of the treatments (Figure 1B; Two-Way ANOVA; F1,10 = 4.90, P = 0.051), while for low food supply in low pH conditions there was a decreased in total height, with a marginally significant effect in the interaction of the treatments (Figure 1C; Two-Way ANOVA; F1,10 = 4.52, P= 0.059). Furthermore, pH conditions and food supply affected the total increase length, and growth rate, but this effect was not significant (but see size effect, Supplementary Figure S6). Moreover, shell dissolution recorded for empty shells (see Figure 2A) was higher exposed to the water column and the interaction between the treatments pCO2 and location in the sediment resulted in a significant effect (Two-Way ANOVA; F1,4 = 7.81, P = 0.049). Although shell carbonate content tended to be higher in organisms from both CO2 treatments under 4% food supply, the difference was not statistically significant, being higher in the pCO2 treatment (see size effect, Supplementary Figure S7 and Figure 2C).

[image: Four bar charts labeled A, B, C, and D display the effects of different pCO₂ levels (500 and 1500 µatm) and nutrient concentrations (1% and 4%) on microalgal growth parameters. A shows increase in total length, B shows increase in total width, C shows increase in total height, and D shows growth rate. Each chart uses bars to represent measurements at different conditions, with variations indicated by standard deviation/error bars. Letters above bars denote statistical significance differences among the treatments.]
Figure 1 | Tagelus dombeii: morphological changes with increase of total length (A), increase of total width (B), increase of total height (C), and growth rate (D) in each experimental condition. The treatments were conditions of pH (500 µatm and 1500 µatm) and food supply (1% and 4% dry weight). The letters in lowercase indicate and mark the significance.

[image: Two bar graphs comparing shell dissolution rate and shell carbonate content under different \( pCO_2 \) levels. Graph A shows shell dissolution rates at 500 and 1500 µatm, categorized as "Above" and "Inside." Graph B illustrates shell carbonate content at the same \( pCO_2 \) levels, differentiated by "1%" and "4%" groups. Error bars indicate variability.]
Figure 2 | Shell dissolution rate (A), measured above and below the sediment, and shell carbonate content (B) in empty shells of Tagelus dombeii after 67 days of exposure to experimental conditions. The treatments in panel B correspond to pH levels (500 µatm and 1500 µatm) combined with food supply (1% and 4% dry weight). The letters in lowercase indicate and mark the significance.

Table 2 | Summary of Two-way ANOVA for the effects of pH conditions, food supply, and interaction among both, upon morphological physiological variables (large, width, height, and growth rate).


[image: A statistical table showing the effects of various factors on different dependent variables. Factors include \(CO_2\), Food Supply, Location, and Residuals. Dependent variables include Increase in Total Large, Increase in Total Width, Increase in Total Height, Growth Rate, Shell Dissolution Rate, Shell Carbonate Content, Oxygen Uptake, and Heart Rate. Each factor is assessed by degrees of freedom, MS (Mean Square), F-value, and P-value. Significant P-values are highlighted.]




Physiological traits

The food supply and pCO2 treatment impacted the physiological variables of the razor clams (Table 2). A non significant effect was observed on the oxygen uptake rate, which decreased when the organisms were exposed to low pH (Two-Way ANOVA; F1,10 = 4.47, P = 0.06), and the interaction between CO2 and food supply (Two-Way ANOVA; F1,10 = 4.556, P = 0.058; Figure 3; but see size effect Supplementary Figure S8.). The interaction between the treatments food supply and pCO2 did not influence heart rate (Figure 4). However, the individuals tended to increase their heart rate in conditions of low food supply (see Figure 4).

[image: Bar graph showing oxygen uptake (milligrams of O2 per hour per gram) at pCO2 levels of 500 and 1500 microatmospheres. Two groups, 1% and 4%, are compared. Oxygen uptake is highest at 500 microatmospheres for the 1% group, labeled with "a," while lower values at 1500 microatmospheres are labeled "b" for both groups. Error bars are shown.]
Figure 3 | Tagelus dombeii: metabolic rate as oxygen uptake (mgO2h-1g-1) for razor clams in each experimental condition. The treatments were conditions of pH (500 µatm and 1500 µatm) and food supply (1% and 4% dry weight). The letters in lowercase indicate and mark the significance.

[image: Bar chart showing heart rate in beats per minute at different partial pressures of carbon dioxide (pCO₂) levels, 500 and 1500 µatm. Two conditions, 1% CO₂ (white) and 4% CO₂ (gray), are compared. Heart rate is higher under 1% CO₂ in both conditions, with error bars indicating variability.]
Figure 4 | Tagelus dombeii: heart rate as beats min-1 for razor clams in each experimental condition in a mesocosm for 67 days. The treatments for B were conditions of pH (500 µatm and 1500 µatm) and food supply (1% and 4% dry weight).






Discussion

The ongoing rise in CO2 emissions is accelerating both climate change and ocean acidification, significantly impacting various marine invertebrates (Shi and Li, 2024). However, the magnitude and direction of these effects vary according to the specific characteristics of each species (Goethel et al., 2017; Vargas et al., 2017; Harvey et al., 2013). In this context, infaunal bivalves could show greater resilience to these disturbances, attributable, among other factors, to their exposure to pore water, which has an intrinsically lower pH compared to the water column. Our results indicate that T. dombeii possesses adaptive mechanisms that allow it to cope with environmental stress, such as ocean acidification, but not for limited food supply. These mechanisms include morphological modifications and physiological trade-offs that optimize its ability to survive under unfavorable conditions.

The characteristics of pore water are strongly influenced by the dynamics of the overlying water (Zhang et al., 2013; Precht et al., 2004). Various processes, such as the decomposition of organic matter, the sedimentation of materials of terrestrial origin, and the biological activity of both microorganisms and infaunal organisms, can generate a decrease in the pH of sediments (Hohaia et al., 2014) in addition to other processes that can contribute to pH reduction in sediments, such as sulfide oxidation or metal presence (see Bonner et al, 1990). This localized acidification of the benthic environment could have significant implications for key processes in bivalves, such as settlement, recruitment, and survival (Meseck et al., 2018; Clements and Hunt, 2018; Cummings et al., 2009). The pH of pore water tends to be more acidic than that of surface water, a condition attributed to the processes previously described (Hu et al., 2014; Cummings et al., 2009). The observed pH gradient between the overlying water and the sediment highlights the potential for differential buffering capacities at the sediment–water interface. These results are consistent with those reported by McGarrigle and Hunt (2024), who, in controlled experiments, documented that the pH of the water under constant acidification conditions was 7.73 ± 0.13, while that of the sediment was 7.29 ± 0.19, evidencing an average difference of 0.44 units. Such micro-scale heterogeneity is ecologically significant, as it may influence the exposure of benthic organisms to acidified conditions and thus mediate their physiological responses. Although ocean acidification has been a central research topic in recent decades, the carbonate system in sediments has yet to be fully explored. Our results reveal, in addition to a difference in pH between the water column and pore water, variations in the carbonate systems of both environments. The sediments exhibited more acidic conditions, with higher partial pressure of CO2 (pCO2), accompanied by a decrease in the saturation states of calcite and aragonite. Under these undersaturated conditions (Ωca < 1 and Ωar < 1; see Table 1), such as the pore water, the shell’s mineral phase is likely to undergo dissolution, leading to higher energy demands for maintaining its structure and function. In our case, the findings indicate a higher carbonate content in individuals exposed to acidified conditions with 4% food supply, despite the low saturation states of calcite (Ωca = 0.72) and aragonite (Ωar = 0.46). This suggests an increased investment in shell production under ocean acidification, potentially as a compensatory response when food availability is optimal. Such a response may help maintain shell integrity despite the thermodynamically unfavorable conditions for calcification. However, sustained low aragonite/calcite saturation states in sediments may have long-term consequences for bivalve shell integrity and calcification capacity. While significant short-term effects were detected, chronic exposure to undersaturated conditions could progressively impair shell formation.

The outcomes revealed variable morphological effects, highlighting a significant impact on the increase in total height and width, attributed to the interaction between both treatments. However, measurements related to the growth rate in terms of increase in total length, calcification (change in growth rate), and shell carbonate content did not show significant differences. These findings coincide with those reported by Liang et al. (2022), who observed that individuals of the infaunal bivalve Sinonovacula constricta subjected to controlled pH conditions (pH = 8.1) and projected future scenarios (pH = 7.7) did not show significant changes in their growth performance. The fact that the treatments have generated mostly non-significant morphological effects suggests that this species could possess some resistance to acidification. Previous studies have indicated that infaunal organisms, which are regularly exposed to acidified conditions in their natural habitats, such as in our case, where individuals originate from an environment with a pH of 7.7, may exhibit greater tolerance and experience fewer morphological effects under acidification scenarios (Liang et al., 2022; Hu et al., 2014). On the other hand, McGarrigle and Hunt (2024) propose that, during periods of stress, such as exposure to constant elevated levels of CO2, organisms tend to prioritize survival overgrowth, strategically redistributing the available energy. Additionally, it has been suggested that calcifying organisms could overcome the energetic limitations associated with ocean acidification as long as they have sufficient amounts of food (Clements and Darrow, 2018). In this context, food supply could play a key role in physiologically compensating for the stress induced by acidification conditions (Goethel et al., 2017; Ramajo et al., 2016a). Furthermore, individuals of T. dombeii show a dual feeding behavior, using both suspension feeding and deposit feeding strategies (Lardies et al., 2001). This species can alternate between these strategies according to the conditions, obtaining food from both the water column (suspension) and the sediment surface (detritus; Navarro et al., 2008). Additionally, individuals tend to employ suspension feeding when they are at greater depths in the sediment, while they opt for deposit feeding when they are closer to the surface (Lardies et al., 2001; Navarro et al., 2008) thus increasing the likelihood of sustaining feeding activity and coping with adverse conditions, such as environmental stressors like OA and limited food supply.

The results indicate a significant decrease in oxygen consumption under acidification conditions, suggesting metabolic depression in organisms exposed to these conditions. Metabolic depression is a strategy adopted by organisms to extend short-term survival in adverse environments (Ramajo et al., 2016b; Hu et al., 2014). Although this metabolic depression may represent an acute response to environmental stressors, its persistence and long-term consequences remain uncertain. Prolonged exposure to low pH conditions could either lead to physiological acclimation or, conversely, to cumulative energetic deficits that compromise growth, reproduction, or survival. Further studies with longer exposure periods are needed to determine whether this response is transient or maintained over time, and whether it translates into reduced fitness or population-level impacts.

Previous studies have documented this response in various species, including the infaunal brittlestar (Hu et al., 2014), scallops (Ramajo et al., 2016b), and infaunal clams (Martel et al., 2022). Food supply has been shown to enhance resilience to ocean acidification (Ramajo et al., 2016a), as organisms with access to adequate food exhibit higher growth, metabolism, calcification, and ingestion rates compared to those with limited food supply, both under control conditions and acidification scenarios (Navarro et al., 2016). In line with these findings, our study shows that organisms exposed to high food availability and low pH exhibit greater survival than those under low food availability and low pH conditions (see Supplementary Figure S5). However, food availability alone does not always guarantee effective intake and assimilation. Under acidified conditions, metabolic depression can impair feeding and nutrient processing, thereby limiting the benefits of increased food supply. This decoupling between external resource availability and internal energy acquisition has been observed in other bivalves and may compromise energy allocation to growth and reproduction (Ramajo et al., 2016b; Clements and Darrow, 2018).

Heart rate (HR) in mollusks is a fundamental physiological indicator that reflects their health status and their ability to adapt to different environmental conditions (Davis et al., 2023; Fernández et al., 2024). This parameter responds to a variety of stress factors, showing notable plasticity in populations inhabiting variable environments. In the present study, Tagelus dombeii showed a higher (but not significant) heart rate with lower food supply, would indicate an increase in stress experienced by the organism (Davis et al., 2023). Under extreme conditions, the relationship between HR and metabolic rate may decouple (Marshall and McQuaid, 2020); mollusks can maintain a constant HR while decreasing their metabolic rate, adopting alternative strategies to ensure their survival (Marshall and McQuaid, 2020). Consistent with these findings, our results show that T. dombeii exhibited a reduced oxygen consumption rate under low pH conditions, while heart rate increased when food supply was limited. This suggests a decoupling between HR and metabolic rate, likely reflecting an adaptive response to the combined stressors of ocean acidification and food supply. Likewise, ocean acidification can induce metabolic depression, evidenced by a reduction in metabolism, which constitutes an energy-saving strategy against the stress associated with low pH, regardless of changes in heart rate (Martel et al., 2022).

Our results indicate an effect of the interaction between pH and food supply on oxygen consumption but not on food supply. This finding could be explained by the ability of T. dombeii to employ both types of feeding, which allows it to obtain nutrients from two different sources, thus improving its efficiency in food acquisition (Navarro et al., 2008). Although this study did not quantify the time spent on each type of feeding, we suggest that these organisms could alternate between suspension feeding and deposit feeding to minimize the ingestion of low-pH water under acidification conditions (see Vlaminck et al., 2023). This feeding flexibility allows infaunal filter-feeding bivalves to mitigate the effects of acidification, maintaining acid-base balance and avoiding physiological alterations (see Vlaminck et al., 2023), which reinforces the resilience and robustness of these organisms, in line with the results obtained in M. calcarea (Goethel et al., 2017).

The variability in responses to adverse conditions of marine invertebrates depends on the habitat of origin, the scales of environmental variability, and the simultaneous presence of other stress factors (Lefevre, 2016; Castillo et al., 2024; Gaitán-Espitia et al., 2017). These elements influence the physiological responses of organisms to cope with unfavorable conditions. In this study, the razor clams analyzed come from Coihuín, a site near the Reloncaví fjord, which is characterized by high variability in pCO2 and food supply (Vergara-Jara et al., 2019; Lardies et al., 2001; Castillo et al., 2024). This suggests that infaunal organisms in the tidal flat would show greater signs of phenotypic plasticity, given the wide environmental variability of this quasi-estuarine system (see Osores et al., 2017; Castillo et al., 2024).

Global change, particularly ocean acidification, poses significant threats to marine species and fisheries, including T dombeii. The species metabolic depression in response to acidification could reduce its harvestable biomass, thereby affecting the maximum sustainable yield and threatening economic stability in affected regions. The previous plus pressure of artisanal fisheries on T. dombeii, with an annual harvest of 2,203 Mt (100 Mt from the Los Lagos Region), face potential losses. For example, between 1996 and 2007, the selectivity for T. dombeii dropped from a mean size of 76 mm to 54 mm (legal commercial size 65 mm), indicating a shift toward smaller harvestable individuals in the Bio-Bio region (Hernández et al., 2011). This trend could lead to significant economic losses, underlining the need for adaptive fisheries management that accounts for both climate stressors and ecological dynamics.

Tagelus dombeii demonstrates partial resilience to ocean acidification due to its natural exposure to acidic pore water and flexible feeding strategies. This adaptability allows it to optimize nutrient acquisition and maintain physiological balance under stressful conditions. However, its survival and performance are compromised under low food supply, highlighting the importance of trophic conditions. These findings highlight the complexity of infaunal marine invertebrate responses to global change, emphasizing the need to consider multiple stressors in future projections and fisheries.
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To meet scientific, policy, and community goals, there is a critical need to strengthen research capacity, increase monitoring, and inform adaptation and mitigation policies to enhance resilience against ocean acidification (OA) and associated multi-stressors in the Caribbean. In 2023, an OA Needs Based Assessment survey of ocean professionals was conducted, engaging 59 participants from across the wider Caribbean to evaluate regional challenges and opportunities in OA research and monitoring. To understand differences in OA research capacity related to training and funding, we divide the respondents into four groups: those that have received 1) training and funding, 2) training only, 3) funding only, and 4) neither training nor funding. Results indicate regional strengths include awareness of local oceanic conditions, access to nearshore sites, and strong social support networks in ocean research. Regional barriers include limited technical capacity and funding to conduct oceanographic research and monitoring, and in particular, carbonate measurements. The four training and funding groups vary significantly, suggesting that access to training and funding are important factors to increasing the amount of access that respondents have to different types of equipment, the number of different types of measurements they conduct, the number of different habitats they research, and the amount of experience they have conducting OA research. This study also demonstrates the community-led efforts to address local OA challenges by presenting a case study on the formation of the Global Ocean Acidification Network (GOA-ON) OA Caribbean Hub that was founded by local leaders (co-authors of this study) who were inspired through the survey process and engagement that was conducted by co-authors. This study provides examples of avenues and challenges to build OA capacity for research and monitoring from the ground up within the wider Caribbean to advance towards global sustainability goals.




Keywords: OA, sustainable development goals, capacity building, regional networks, Caribbean, OA training, OA funding, OA research





Introduction

As global climate continues to change, the ocean has absorbed around one-third of anthropogenic carbon dioxide emissions, causing the carbon content within the ocean to increase along with atmospheric carbon dioxide (CO2) concentrations (Caldeira and Wickett, 2003; Doney et al., 2009). The absorption of CO2 by the ocean leads to ocean acidification (OA) due to higher concentrations of hydrogen ions (decreased pH; increased acidity) and decreased availability of carbonate ions, which impacts marine ecosystems and organisms (Friedlingstein et al., 2022; Gruber et al., 2023).

Globally, ocean pH has decreased by 0.1 pH units over the past century, corresponding to a ~26% increase in acidity (IPCC, 2023). While OA is a global issue, local variability and its specific effects necessitate measuring it at the community scale. Localized approaches help to understand drivers and synergies, develop targeted adaptation and mitigation strategies, and create predictive capabilities to identify early warning signs for timely decision making (Cross et al., 2019).

In response to the rising threat, OA monitoring and research has been set as a priority for global policy frameworks. These include the international Kunming-Montreal Global Biodiversity Framework Target 8 and the national and regional frameworks within the U.S. (Federal Ocean Acidification Research and Monitoring Act of 2009, FOARAM Act, U.S. Code under Title 33, Chapter 50), European Union (Marine Strategy Framework Directive), and North-East Atlantic’s Oslo and Paris Conventions (OSPAR) Commission (Galdies et al., 2021; Grabb et al., 2024). To achieve widespread global OA measurements, the United Nations Sustainable Development Goal (SDG) 14 (Conserve and sustainably use the oceans, seas and marine resources for sustainable development) aims to address and increase measurements of OA through its Target 14.3 (Minimize and address the impacts of ocean acidification, including through enhanced scientific cooperation at all levels) and Indicator 14.3.1 (Average marine acidity (pH) measured at agreed suite of representative sampling stations) (United Nations, 2024; See Appendix B for list of acronyms and policies). The SDG 14.3.1 methodology provides written guidance on how to conduct and collect OA observations, including identifying designated parameters to measure for OA (United Nations, 2024).

However, many countries lack the resources, policy, and technical capacity to monitor OA (Cooley et al., 2022), particularly Small Island Developing States (SIDS), which depend heavily on ocean resources for their livelihoods and economies (Meléndez and Salisbury, 2017; Grabb et al., 2024). Increasing the global capacity for OA research can help preserve ocean-based ecosystem services (i.e. coastal protection, food security, economies, and health) that directly support human livelihoods and provide up-to-date information and tools to assess these marine resources under changing climates (Gill et al., 2017; Hughes et al., 2017; Miloslavich et al., 2019). Depending on a number of factors including the future demand for shellfish and the extent of economic sectors that OA can impact, OA is predicted to result in an annual loss between US $6 billion (Narita et al., 2012) to US $400 billion (Moore and Fuller, 2020) globally. Under future climate scenarios, increased capacity for measuring, monitoring, and reporting OA must be a global and regional policy priority in order to inform mitigation, adaptation and resilience plans and to meet climate goals.




OA in the Caribbean

The Caribbean region consists of nearly 30 SIDS, yet is often discussed as the wider Caribbean region, which includes all countries and territories bordering the Caribbean Sea and Gulf of Mexico (Cartagena Convention, Article 2). Seventy percent of the Caribbean population lives on the coast and relies on marine ecosystems for food security, coastal protection, the tourism industry, and cultural practices (Meléndez and Salisbury, 2017). The region is also a global marine biodiversity hotspot and one of the most diverse marine regions in the Atlantic (Roberts et al., 2002). Coastal ecosystems include coral reefs, seagrass beds, mangroves, rocky shorelines, and sandy beaches (Roberts et al., 2002; Miloslavich et al., 2010). However, climate stressors like OA threaten these ecosystems and associated resources (Gledhill et al., 2008; Cooley et al., 2022). For example, the categories of Caribbean species that had the highest commercial values in 2020 have the potential to be negatively affected by OA (Doney et al., 2009). Surface aragonite saturation state within the Caribbean has also declined by ~3% since pre-industrial levels (Gledhill et al., 2008; Meléndez and Salisbury, 2017), which can affect the availability of carbonate ions. This can negatively affect behavior, growth, survival, and larval development across a broad range of marine species, especially those that have larval stages requiring calcification, which can be further restricted if their larval development occurs during a tightly constrained time frame (Fabry et al., 2008; Spalding et al., 2017). In addition to the physiological challenges, OA also exacerbates other environmental stressors, including ocean warming, harmful algal blooms, and deoxygenation (Siedlecki et al., 2021).

Systematic remote sensing and in situ carbonate system measurements in the Caribbean SIDS began only in the past two decades, leaving significant gaps in both spatial and temporal data coverage. Despite these limitations, existing studies have successfully captured an OA signal across the region (Gledhill et al., 2008; Bates, 2012; Meléndez and Salisbury, 2017; Land et al., 2019; Meléndez et al., 2020). On a regional scale, remote sensing and model-based data indicate a ~10% increase in surface OA from 1992-2015, with significant spatial and temporal variability (Meléndez and Salisbury, 2017). At a local scale, the first long-term OA time series within Caribbean SIDS was established in 2009 at La Parguera Marine Reserve, Puerto Rico (Meléndez et al., 2020). This collaborative initiative between federal and state programs monitors nearshore carbonate dynamics along with other chemical, biological, geological, and physical parameters. La Parguera MAPCO2 buoy is the only coastal buoy in the U.S. National Ocean Acidification Observing Network (NOAON) within the Caribbean Sea. In the wider Caribbean region, the CArbon Retention In A Colored Ocean (CARIACO) time series measured CO2 concentrations within the Cariaco Basin off of Venezuela between 1995 and 2017, and observed some of the highest rates of decreasing pH compared to other ocean time series around the world (-0.0025 pH yr-1) (Bates et al., 2014). The Research Network of Marine-Coastal Stressors in Latin America and the Caribbean (Red de Investigación Marino-Costera; REMARCO) has also established a network across the Caribbean and Latin America to increase measurements of OA, resulting in two countries (Colombia and Cuba) reporting data within the Caribbean Sea to SDG 14.3.1 and six countries (Colombia, Costa Rica, Cuba, Dominican Republic, Panama, and Venezuela) with monitoring stations for carbonate parameters within Caribbean Sea (Espinosa, 2023). These efforts to establish monitoring stations at various locations across the Caribbean Sea have provided enough data to show that OA is occurring throughout the region, yet more widespread, routine, and robust monitoring across the wider Caribbean region is needed to drastically increase the spatial and temporal OA data coverage. Higher resolution OA data throughout the region is necessary to understand the local variability in OA and inform local and regional decisions about mitigation and adaptation approaches.

Two significant sea level and climate monitoring networks were also established in the Caribbean in 1997 and measured physical parameters along with pH. However, they did not measure additional carbonate chemistry components to constrain the carbonate system and provide data on OA. The first was under the World Bank funded Caribbean Planning for Adaptation to Climate Change (CPACC) Project, during which 18 stations were established in 12 countries between 1997 and 2001. The second network consisted of the Coral Reef Early Warning System (CREWS) stations established in 11 countries over the period of 1997–2016 with funding provided by the U.S. National Oceanic and Atmospheric Administration (NOAA). These networks have faced challenges due to the lack of technical support and funding for routine maintenance and repairs, which were especially needed following severe damage from storm events and hurricanes (Hendee et al., 2016). Despite some advances in establishing OA monitoring programs, the limited number of functional monitoring sites, challenges with environmental conditions, and significant regional and local variability underscore the need for expanded capacity to help establish and strengthen observation and monitoring efforts to fully understand OA dynamics across the wider Caribbean region (IOC-UNESCO, 2024b).

Expanding OA monitoring throughout the Caribbean will be crucial to inform mitigation and adaptation strategies tailored to vulnerable local communities across the region. To achieve this access to resources such as sustained funding, training opportunities, collaborations, and regional networks are needed to strengthen OA research and monitoring (Miloslavich et al., 2019; Whitefield et al., 2021). Additionally, integrating place-based knowledge into scientific research and capacity-building efforts is essential, as it will provide vital insights, enhance adaptation strategies, and strengthen engagement throughout the community (Cross et al., 2019; Miloslavich et al., 2022).





Global initiatives to share ocean research capacity

Programs have been developed across regions to share research capacity amongst ocean professionals, yet few are focused on ocean carbonate chemistry measurements and even fewer are designed for and/or implemented within the Caribbean. In other regions of the world, networks have been established to help share OA research capacity, including the Global Ocean Acidification Network (GOA-ON) (Newton et al., 2015). GOA-ON is a collaborative international network designed to improve understanding of global OA conditions and ecosystem responses to OA. GOA-ON also works to acquire, exchange, and consolidate data and knowledge necessary to optimize modeling for OA and its impacts. GOA-ON has a dedicated Secretariat that coordinates over 1,000 members from over 100 countries and territories, as well as the UN Ocean Decade endorsed program Ocean Acidification Research for Sustainability (OARS) (Dobson et al., 2023; IOC-UNESCO, 2024a). To achieve a global approach that addresses local OA needs, GOA-ON has facilitated the grassroots formation of regional hubs that are purposefully built by local ocean professionals. GOA-ON and its partners also coordinate the Pier2Peer mentorship program (led by NOAA and The Ocean Foundation, TOF) and GOA-ON in a Box Kits (led by TOF), which are low-cost kits used for collecting weather-quality ocean acidification measurements. The Pier2Peer program awards scholarships for small projects and five have been awarded within the wider Caribbean (two in Mexico, one in Costa Rica, and one in Honduras). The Kits have been distributed to scientists in over 25 different countries with ongoing training and support including a few countries within the wider Caribbean (i.e. Mexico, Panama, Jamaica, and Colombia). Best practice guides for science, monitoring, and mentorship have also been developed as resources by the international OA community such as the Practical Best Practices to Ocean Acidification Monitoring (Currie et al., 2024) and the Guide for Developing Mentoring Programs for the International Ocean Community (Lang et al., 2024). These resources offer insights to OA measurements and mentoring programs that can also be translated to communities within the Caribbean.





OA policy and collaborations in the Caribbean

Given the major threat of OA to the Caribbean, policy and community efforts have been made to address OA within the region. For example, the IOC-UNESCO Subcommission for the Caribbean and Adjacent Regions, IOCARIBE, developed a Regional Action Plan on Ocean Acidification for Latin America and the Caribbean (Laffoley et al., 2018). This Action Plan highlighted priorities throughout the region for science, policy, communication, and outreach, and provided a framework of priorities to support collaboration and funding to prioritize OA research and monitoring. Following this, the Scientific and Technical Advisory Committee (STAC) to the Protocol Concerning Specially Protected Areas and Wildlife in the wider Caribbean region (SPAW Protocol, STAC8, December 2018 in Panama with TOF staff) and the Cartagena Convention (COP15, June 2019 in Honduras) signed a Memorandum of Understanding to work with TOF to address OA within the Caribbean region. REMARCO also recognizes OA as a major threat within the region and supports collaborative actions to measure OA, develop policies to reduce CO2 emissions, and disseminate scientific information to inform policy and decision making.

Another well-established and highly productive network within the region that focuses on OA research and policy efforts is the GOA-ON Latin American and Caribbean OA Regional Hub (LAOCA). Since LAOCA primarily includes Spanish-speaking countries from Latin America, Central America, and the Caribbean, its meetings are often conducted in Spanish to accommodate the majority of its members. However, this can create challenges for non-Spanish-speaking Caribbean countries and territories, which have broad linguistic diversity (Ferreira, 2012) with English being the unofficial language of tourism (which is the largest industry) throughout the Caribbean. Beyond language barriers, the Caribbean SIDS face unique socio-cultural, logistical, and capacity-related challenges (Allahar, 1993; Fanning et al., 2021) that may not align with the priorities of LAOCA. Compared to larger Latin American countries, SIDS often have fewer resources and face distinct vulnerabilities that may not align with the broader regional priorities, potentially limiting their influence in policy discussions and capacity-building initiatives.

Despite these differences, LAOCA’s progress serves as an excellent example of how regional collaboration can advance OA research and policy. Acknowledging this success, an opportunity was identified to establish a dedicated OA hub tailored to the unique needs of the wider Caribbean region, where many nations are SIDS. A new hub within the wider Caribbean region would address not only linguistic accessibility and the unique priorities of the region’s islands but also foster complementary collaboration with LAOCA, REMARCO, and other existing regional networks to build on their successes and enhance collective efforts in addressing OA impacts across Latin America and the Caribbean.

In recognizing this need to establish an OA network within the Caribbean, the Caribbean Ocean Acidification Community of Practice (CoP) was formed in 2021. The CoP was developed following the 2021 UNESCO Intergovernmental Oceanographic Committee Assembly and the accepted IOCARIBE Decision. The CoP consisted of a core task team of members from the U.S. (i.e., NOAA Ocean Acidification Program (OAP), NOAA’s Office of Oceanic and Atmospheric Research International Activities Office, and TOF) and the Caribbean (i.e., representatives from university partners, government, and non-profit/non-governmental organizations). The goals of the CoP were to increase connectivity and engagement and to identify and strengthen current OA research and capacity gaps within the region. The CoP brought together individuals with deep knowledge, strong connections, and a vested interest in the region. It played a key role in advancing OA research, addressing capacity gaps, and laying the foundation for long-term regional networks, such as the GOA-ON OA Caribbean Regional Hub and the Caribbean Coastal Acidification Network (CariCAN).

To better understand the unique regional needs and priorities of the wider Caribbean region, our co-author at TOF led members of the CoP to design an OA Needs Based Assessment survey in 2022. This survey aimed to evaluate OA research capacity and identify priorities and challenges related to OA research as well as strategies to strengthen the region’s ability to address these challenges effectively.

In this paper, we present the results of the OA Needs Based Assessment survey, which indicate the current state of OA activities, including strengths and barriers in conducting OA research and monitoring in the wider Caribbean. We evaluate the OA research aspects that benefit from OA training and funding and present a case study on the establishment of the GOA-ON OA Caribbean Hub, which was initiated following the engagement from this survey. Finally, we provide a brief discussion on the challenges along with recommendations for sustained research, capacity building, and policies that support OA efforts in the wider Caribbean moving forward.






Methods




Survey design

The survey was designed by the CoP in collaboration with TOF to leverage their existing survey design which has been implemented in other regions as part of their OA capacity building efforts (Valauri-Orton et al., 2025; See Appendix A for survey). All survey questions were written in English. The survey was designed to: 1) assess the current state of OA sampling methodologies and ocean observing capacity for the region, and 2) identify regional priorities and areas for improvement and resource focus. A non-probability purposive sampling framework (Carr et al., 2021; Lune and Berg, 2017) was developed to select cases with the following criteria 1) ocean professional currently conducting ocean observations (with a demonstrated focus on OA parameters) and 2) individuals conducting broader water quality monitoring and oceanographic research within countries and territories that have waters bordering the Caribbean Sea. Therefore, this was a targeted survey that is not generalizable with an unknown probability of selection into the sample.

The survey assessment and follow-up activities within this study encompassed the wider Caribbean region (Cartagena Convention, Article 2). Responses from individuals located in the mainland U.S. were not included in the analysis per request of the Caribbean community members who participated in these efforts, given that the intent of this study was to understand the barriers to increasing OA capacity that are unique to the wider Caribbean. The mainland U.S. has had access to an abundance of resources in comparison to the rest of the wider Caribbean and typically does not face the same socio-cultural, logistical, and capacity-related challenges as the other countries and territories within the wider Caribbean, including the U.S. Territories (Allahar, 1993; Fanning et al., 2021). The sampling frame included individuals in the U.S. territories of Puerto Rico and U.S. Virgin Islands because Puerto Rico maintains the only MAPCO2 buoy currently collecting data in the region and both territories have research institutions that conduct OA research in collaboration with others within the region and act as funding pathways for other institutions in the wider Caribbean.

The survey distribution and follow-up activities were facilitated by the co-leads of this study (Grabb and Lord) during their tenure as Sea Grant Knauss Fellows at NOAA OAP in 2023. The survey was distributed between February and June of 2023 via email contact and the Google Forms survey platform. Efforts were made to distribute the survey widely amongst ocean professionals within all countries and territories within the wider Caribbean region; the survey was distributed through direct emails to contacts within the Caribbean by identified research institutions, academic departments, professors, and other ocean professionals with special attention to reach at least several representatives from each country and territory in the wider Caribbean. We also distributed the survey via snowball sampling through existing networks (i.e. the CoP, NOAA Southeast and Caribbean Regional offices, the UNESCO Intergovernmental Oceanographic Commission Subcommission for the Caribbean and Adjacent Regions (IOCARIBE), Caribbean Coastal Ocean Observing System (CARICOOS), United Nations Environmental Program Specially Protected Areas Protocol (SPAW)), at conferences in the Caribbean, through virtual presentations to Caribbean members, and through survey respondents’ networks. Survey respondents were given up to five months (February to June) to respond and reminders were sent monthly to encourage respondents to fill out the survey and share it throughout their networks. Additional outreach was focused on encouraging responses from professionals within countries with low or no response rates, for example those within the Eastern Caribbean where there is limited existing research expertise. While snowball sampling methods enabled the survey to be sent to broad groups of ocean professionals, they restricted the ability to track the exact number of people who received the survey and determine the response rate, which is a limitation of the study.

Responses were removed if the entirety of the survey was not complete or if participants identified their location in the mainland U.S. or outside of the wider Caribbean region. The participants were not compensated. Due to the unknown probability of selection into the sample, there are no survey weights, and these results do not represent the entirety of the marine research community in the Caribbean region. The non-probability sampling has limitations, and this work cannot claim generalizability to the entire population of regional researchers. Purposive and snowball sampling may be biased based on existing network access of individuals, with some researchers being left out (Lune and Berg, 2017). Purposive sampling was used to narrow the sampling frame to identify researchers studying ocean acidification and adjacent oceanographic research, therefore not allowing generalizability for all marine researchers in the region. Snowball sampling was used to leverage the social networks of researchers in the region and identify respondents that were difficult to reach, however the networks do not represent the full population of researchers in the region. Despite the limitations of the sample size and the ability for representativeness in statistical analysis, this OA Needs Based Assessment provides descriptive results in an understudied area of research in a data poor region and may be used to inform future funding and policy mechanisms for OA research.





Survey analysis

Survey responses were anonymized, translated into English, and processed using Microsoft Excel and Python programming languages for data analyses and visualization. The survey design included a combined use of quantitative (multiple choice) and qualitative questions (open-ended), so mixed-methods were used for analysis (Creswell and Creswell, 2017), combining both quantitative and qualitative data for more context. The quantitative questions included multiple choice answers where respondents could select all that applied. For the qualitative portion of the survey questions, the responses were open-ended and analyzed using inductive coding based on the themes presented in the responses and the literature (Carr et al., 2021). For questions with multiple categorical responses (i.e. number of different types of equipment accessible, number of different types of measurements conducted, etc.), the total number of responses for each category was quantified to facilitate further quantitative analysis. Based on answers about receiving training or funding, survey respondents were classified into four groups: respondents that have received 1) training and funding (T&F), 2) training only (T), 3) funding only (F), and 4) neither training nor funding (N). For those questions that had quantitative answers the average and standard deviation were calculated for the respondents within each of the four training and funding groups. To compare the significance between averages of each training and funding group, ANOVA single-factor p-values (<0.05) were calculated, followed by Tukey t-test p-values (<0.05) to determine individual variation.

To emphasize transparency in data collection and distribution, all survey responses were anonymized and shared with participants, and have since been reported at international conferences, regional meetings, community gatherings of ocean professionals, and with interested partners within the region. Anonymized responses to the multiple-choice questions are provided in Appendix C with personalized responses removed to protect anonymity. All data has been archived in the password-protected NOAA Google Drive platform.






Results and discussion

The findings presented here are based on the OA Needs Based Assessment survey, associated engagement, and the specific case study on establishing the GOA-ON OA Caribbean Hub. Given the limited sample size in relation to all ocean professionals within the wider Caribbean, this survey offers the viewpoint of those that participated; Most of the respondents have a working knowledge of OA, are involved in ocean research, and are connected in some way to a broader community, given the methods used to distribute the survey (see Methods). The survey results were self-reported and, therefore, may contain biases. The results presented suggest trends across survey participants, yet additional follow-up studies are needed to further investigate the cause of these trends and confirm if the smaller sample size in this study is representative for broader groups throughout the Caribbean. Regardless, these survey results and this study offer insights into the current state of ocean research and a case study on establishing a network dedicated to OA within the wider Caribbean that has not been published previously. It also lays the groundwork for follow-up investigations on OA research, policy, and capacity needs within the wider Caribbean while offering a model for other regions to follow.




Survey respondent demographics

A total of 76 ocean professionals responded to the survey. Of these, 59 were from the wider Caribbean (excluding the mainland U.S.) and were included in the analysis (Appendix C). The remaining 17 respondents - 10 from the mainland U.S. and 7 from other regions outside the Caribbean - were excluded. Representatives from the mainland U.S. were excluded in the survey responses and engagement activities per request from the Caribbean community members who participated in the survey engagement, and therefore, references to the wider Caribbean within this study will exclude the mainland U.S. The purpose of this request was to tailor the survey, capacity building efforts, policy recommendations, and follow-up actions to the priorities of the countries and territories within the wider Caribbean region (including U.S. territories), which differ socio-economically from the mainland U.S (Allahar, 1993; Fanning et al., 2021). The respondents from the wider Caribbean (n=59) were from 25 different countries and territories (Figure 1, Appendix C). Almost half of the participants (47.5%) were from academic and research institutions (n=28), 23% of them work in governmental roles (n=14), 22% work at non-governmental organizations (n=13), and one works for a private company (Supplementary Figure S1).

[image: Map of the Caribbean highlighting survey respondents in blue, including Mexico, Honduras, Nicaragua, Costa Rica, Panama, Cuba, Jamaica, Puerto Rico, and Venezuela. Other Caribbean countries are in gray.]
Figure 1 | Map indicating countries and territories in the wider Caribbean where survey respondents reside (blue), the countries and territories that do not have survey respondents (grey), and those that are not included within the survey analysis (white, mainland U.S., excluded to focus survey on needs specific to wider Caribbean excluding mainland U.S.).

Of the 59 respondents, 79% currently conduct ocean monitoring. 40% of the respondents monitor biological parameters, with 23% conducting chemical monitoring, 26% conducting physical monitoring, and 13% conducting socioeconomic monitoring. A majority of the respondents have a working knowledge of OA (63%), while nearly a third (31%) lack the resources and instruments necessary to study and monitor OA, and another third (32%) are able to conduct their research but noted that they have limited resources. Another large portion (20%) of the respondents have some knowledge of OA but would like to learn more and potentially build a research and monitoring program (Figure 2; Appendix C).

[image: Bar chart depicting levels of knowledge and interest in OA. Categories include strong knowledge, working knowledge with and without resources, some knowledge, and having heard of OA. The horizontal axis shows percentages, and the color-coded bars represent different levels and resources availability.]
Figure 2 | Ocean acidification knowledge and interest of survey respondents (y-axis) for each of the training and funding (T/F) categories (training only in blue, n=28; funding only in orange, n=4; training and funding in green, n=9; neither training nor funding in pink, n=18), displayed by percentage of each respective category normalized to the sample size for each training and funding category (x-axis).





The current state of OA research in the Caribbean

Ocean professionals in the Caribbean rely on nearshore marine environments due to their accessibility, and therefore, their strengths, interests, and expertise focus mainly on nearshore environments. Across the region, respondents are most concerned about coral reef health (58%) and water quality (51%) within their local marine environments. Over half of the respondents conduct research in nearshore environments (59%) compared to a much smaller fraction that work in the open ocean and offshore environments (22%). The most frequently studied ecosystems are coral reefs (64%), yet respondents also monitor other nearshore environments such as mangroves (49%), estuaries and bays (40%), and seagrasses (35%) (Figure 3). Other concerns for ocean health expressed by respondents, include harmful algal blooms (31%), sargassum inundation (27%), ocean acidification (21%), overfishing (22%), and climate change impacts such as hurricanes and sea level rise (29%) (Appendix C).

[image: Pie charts showing the percentage of respondents conducting monitoring in various habitats. Ocean: 22%, Estuaries and Bays: 41%, Nearshore Waters: 59%, Seagrasses: 36%, Mangroves: 49%, Coral: 64%.]
Figure 3 | Percentage of respondents that are currently conducting monitoring in different habitats (indicated by percentage next to parameter), listed along the continuum from lowest (left, 0%) to highest (right, 100%). Pie charts show the percentage of each training and funding (T/F) categories (training only in blue, n=28; funding only in orange, n=4; training and funding in green, n=9; neither training nor funding in pink, n=18) normalized to the sample size for each respective category.

Respondents collect a wide range of ocean measurements, the most common include temperature (74%), salinity (68%), pH (66%), and dissolved oxygen (54%) (Figure 4). These parameters can be collected with methods that are easy to use, affordable, and require minimal training (Wang et al., 2019; Busch et al., 2016; Bittig et al., 2018), such as thermometers, refractometers, electrodes, optodes, and spectrophotometers. Chlorophyll measurements and water depth are conducted by 42% of respondents, and 36% of participants measure nutrients even though relatively affordable methods are available that require little expertise (Wernand, 2010; Beaton et al., 2012; Leeuw et al., 2013; Busch et al., 2016; Clinton-Bailey et al., 2017).

[image: Ten pie charts display the percentage of respondents measuring various parameters. Percentages range from 13% for pCO₂ to 74% for temperature. Other parameters include alkalinity (32%), chlorophyll (42%), oxygen (54%), salinity (68%), dissolved inorganic carbon (15%), nutrients (36%), water depth (42%), and pH (66%). A bar labeled "Percentage of Respondents Measuring Parameters" runs between the rows.]
Figure 4 | Percentage of respondents that are measuring specific parameters in coastal or offshore waters (indicated by percentage next to parameter), listed along the continuum from lowest (left, 0%) to highest (right, 100%). Pie charts show the percentage of each training and funding (T/F) categories (training only in blue, n=28; funding only in orange, n=4; training and funding in green, n=9; neither training nor funding in pink, n=18) normalized to the sample size for each respective category.

In order to constrain the carbonate system and OA, two of the four carbonate measurements are needed (i.e. dissolved inorganic carbon (DIC), total alkalinity (TA), pH, or partial pressure of carbon dioxide (pCO2)), therefore requiring researchers to measure another carbonate parameter in addition to pH. Of the other carbonate parameters besides pH, 32% of respondents are measuring TA, 14% are measuring pCO2, and 15% are measuring DIC (Figure 4). A total of 34% of respondents are measuring two or more of these four carbonate parameters (i.e., pH, DIC, TA, and/or pCO2), and this percentage could be related to the pending distribution of low-cost sensors and/or complex laboratory methods that require specific training and lab infrastructure for DIC, TA, and pCO2 measurements (Pardis et al., 2022; Li et al., 2023; Currie et al., 2024). Underlying this need for training and infrastructure to enhance the ability to make carbonate chemistry measurements are the required funds for the initial investment in establishing labs that can conduct these measurements and the continued financial support to maintain the equipment, workforce, and on-going research and monitoring.

While respondents often highlighted awareness of local oceanic conditions as a strength, they also recognized the need for additional formal technical scientific training and support in advanced chemical and physical monitoring techniques. Many respondents expressed a strong commitment to ocean research, motivated by both local knowledge and the desire to contribute to broader scientific understanding. One participant highlighted several strengths of their research program: “long standing relationships with local communities, close network of local scientists, and access to talented students”. Underlying most of the barriers that respondents identified to building and enhancing OA research and monitoring efforts were limitations in training to achieve greater technical capacity and access to sufficient funding, which is needed to sustain research, purchase equipment, and increase overall resources.





The role of training and funding

Training and continuous funding acquisition are paramount to advancing global observations by increasing scientific expertise, instrumentation, data management, and infrastructure to conduct ocean measurements (Venkatesan et al., 2019). For countries with limited resources to conduct oceanographic research, long-term monitoring of OA can be particularly challenging, especially for nations with coral reef ecosystems, such as those within the wider Caribbean, where carbonate chemistry budgets add complexity. Due to the lack of resources and sustained funding, baseline assessments for acidification conditions across the Caribbean are deficient (Meléndez and Salisbury, 2017) with only one sustained time series that continues to measure CO2 within the Caribbean (La Parguera, Meléndez et al., 2020). The one other previous time series (CARIACO) within the region measured the highest rates of decreasing pH compared to any other ocean time series around the world (-0.0025 pH yr-1) (Bates et al., 2014) and was one of only three total time series (CARIACO, Bermuda Atlantic Time-series Study, BATS, and Hawaii Ocean Time-series, HOT) that have been funded by the U.S. National Science Foundation for over two decades to measure ecology and biogeochemistry in ocean waters (Muller-Kargo et al., 2019). Unfortunately, in 2017 the CARIACO time series was discontinued due to budget constraints even though BATS and HOT continue to be funded to date, thus limiting data collection within the Caribbean (Kusek, 2019).

In this study, over half of the survey respondents (62%) indicated that they have received some amount of training on OA across a wide range of techniques. Of the 62% that have received training, the majority have learned techniques such as conducting pH analysis in the lab (86%), collecting bottle samples for lab analysis (81%), and/or conducting alkalinity analysis in the lab (70%). Techniques that respondents have received less training on include deployment of autonomous sensors (38%); data offloading, quality control, and analysis (30%); and pCO2 analysis in the lab (27%). Fewer trainees have received training on OA biological effects and modeling aspects, such as designing biological experiments (19%), running analysis and analyzing results (14%), monitoring the effects of OA on species in situ (11%), and using computer models to understand OA (11%) (Appendix C). While exposure to some OA training has been accessible by majority of the survey respondents, this study did not explore the type of training, quality, or quantity of training received nor what type of training would be most beneficial to respondents in the future.

When categorizing the respondents into four groups based on the training and funding received, we find that around one in six have received both training and funding (15%), nearly half received training only (47%), a small portion received funding only (7%), and nearly a third have received neither (31%) (Supplementary Figure S2). There is a significant difference between these four groups in relation to the amount of access to different types of equipment (ANOVA, p-value < 0.001), types of measurements conducted (ANOVA, p-value < 0.001), number of habitats researched (ANOVA, p-value = 0.041), and OA experience level (ANOVA, p-value = 0.025) (Table 1).

Table 1 | Table indicating the average amount of access to different types of ocean observing capabilities based on the max value for each of the capabilities.
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There is a major funding gap for Caribbean SIDS to meet their ocean-based Nationally Determined Contributions (NDCs) and ocean acidification scientific research projects lack funding and policy support, requiring additional allocation of domestic resources and leveraging of international climate finance and private sector funds (VanderZwaag et al., 2021; Mohan, 2023). In this survey, responses suggest that funding may play a significant role in the different types of equipment and ecosystems that ocean professionals can access for ocean monitoring. For example, access to different types of equipment is significantly higher (tukey-t test, p-value < 0.001) when both funding and training are provided compared to providing neither (Table 1; Supplementary Figure S3). Funding may be more of a driver than training to increase access to different types of equipment (Tukey-t test p-value, T&F v T < 0.001, F v N = 0.041) (Table 1; Supplementary Table S1), however the group that has received funding only is small (n=4) and therefore follow-up studies are required to confirm these trends. Funding alone is correlated with higher diversity of habitats in which ocean professionals conduct ocean monitoring (tukey-t test p-value, T v F = 0.043, F v N = 0.035) (Table 1, Supplementary Table S1, Figure 3). Compared to receiving neither option, providing either training and/or funding to ocean professionals significantly increases the different types of measurements that they can conduct to monitor the ocean (tukey-t test p-value, T v N = 0.001, F v N = 0.012, T&F v N = 0.001) (Supplementary Table S1). While OA experience is significantly different between the four training and funding groups (ANOVA p-value = 0.025), a specific combination of training and funding is not driving this variation (Supplementary Table S1). There is a higher average level of OA experience within the training and funding (4 +/- 0.8 out of 5) and funding only (4.3 +/- 0.4 out of 5) groups compared to those that only received training (3.5 +/- 0.7 out of 5) or neither training nor funding (3.1 +/- 1.1 out of 5) (Table 1). This suggests that funding may be slightly more impactful to increase OA experience than training, although additional research is necessary to investigate the types of training and funding that would be most beneficial to the community and confirm this trend since the groups that received funding were the smallest in sample size (4 respondents received funding only and 9 received training and funding). This small sample size also suggests that there is only a small proportion of ocean practitioners within the Caribbean that has received funding compared to training for OA research and monitoring, further supporting the conclusion that additional funding support is needed in the region. One participant noted that “most problems are related to financial capacity including the ability to hire qualified staff, maintain equipment, instruments and facilities and opportunities for training in data collection and data management.” Unfortunately, even though this study found that training and funding are critical for capacity building, only 22% of the survey respondents have received funding for OA research. While 62% have received training, around 76% of those who have received training did not receive funding, which would make it difficult to conduct and sustain the techniques that were learned during training and highlight the limited nature of funding within the Caribbean for OA research.

This study showcases the need for both training and funding to be provided to make a significant impact on research capacity, which has also been shown in previous studies (e.g. Venkatesan et al., 2019; VanderZwaag et al., 2021; Mohan, 2023). While both increased training and funding are necessary, training can be passed on through various formal and informal avenues while funding requires continuous investment to sustain the workforce, maintain equipment, and support on-going research and monitoring. Training and funding are especially important for complex techniques that require specific lab infrastructure, such as TA, DIC, and pCO2, which are needed in addition to pH to constrain the carbonate system (Pardis et al., 2022; Li et al., 2023; Currie et al., 2024). Therefore, this study suggests that financial support for OA research may be a factor in increasing the amount and diversity of equipment available, measurements conducted, habitats research, and level of OA expertise. Future studies should be conducted to confirm these trends across a broader group of ocean professionals throughout the Caribbean and investigate which training and funding resources would be most impactful for the region.





Application of OA measurements to SDG requirements

Clearly, gaps remain in regional OA research and monitoring, making it difficult for Caribbean nations to not only meet their ocean-based NDCs (Mohan, 2023), but also contribute to the indicator methodology required under international data reporting obligations for UN SDG Target 14.3 (Minimize and address the impacts of ocean acidification, including through enhanced scientific cooperation at all levels). Of the survey respondents, 64% are aware that OA monitoring is required to meet the SDG Indicator 14.3.1 (Average marine acidity (pH) measured at agreed suite of representative sampling stations). However, only 37% of participants could name the entity responsible for submitting the required OA monitoring data for their nation. This result highlights a gap between the OA data collection and submission process, which could be due to many different factors which we did not investigate in this study. This gap does, however, suggest that communication and engagement could be strengthened either within and/or across nations to better familiarize ocean professionals and researchers collecting OA data with the governmental entities submitting the data on the SDG Indicator 14.3.1 Data Portal. While SDG 14.3 is considered a target, it does not account for a scientifically verifiable baseline, nor contain binding elements, which could make it more effective (Houghton, 2014; Loewe and Rippin, 2015; Recuero Virto, 2018). The SDG Indicator 14.3.1 is one of the quantifiable aspects of SDG Target 14.3 that can produce scientific data to inform practitioners of OA trends across temporal and spatial scales. Regions with more OA monitoring and research capabilities, such as many regions within the Global North, maintain a record of incorporating OA mitigation and adaptation strategies into their local and regional policies (Grabb et al., 2024). However, there is a comparable lack of OA research capacity and regulation frameworks addressing OA within SIDS and the Global South (Grabb et al., 2024). Given that the wider Caribbean region includes a few dozen SIDS that rely heavily on the marine environment (Meléndez and Salisbury, 2017), the wider Caribbean is an example of a region that could benefit from increasing research capacity to address SDG Indicator 14.3.1 by expansion of OA data collection and research dissemination. Although further research is required to investigate the factors underlying this gap, this study suggests that additional access to OA training and funding may help ocean professionals increase OA research capacity to contribute to SDG Indicator 14.3.1 and conduct more OA measurements using a larger variety of instrumentation across a wider range of habitats including offshore and deep-sea ecosystems (Bell et al., 2023). Training and funding opportunities may help increase the ability to meet policy commitments such as NDCs and the SDG Indicator 14.3.1, yet additional efforts are also required to strengthen conduits to apply OA science to inform mitigation, adaptation, and policy decisions, which were not investigated within this study.





Interest in GOA-ON hub

This study identified the opportunity to create a coordinated regional effort in the wider Caribbean to support OA capacity building and facilitate the sharing of OA research findings and methodologies. Indicated by previous studies on OA, a key recommendation to address OA is to create a strong regional monitoring network to inform policy actions (Chan et al., 2016; Whitefield et al., 2021). Therefore, as a case study to explore possible mechanisms to build capacity through a regional network for OA research and monitoring within the Caribbean, this study explored the option to establish a regional GOA-ON OA Caribbean Hub. 39% of the survey respondents were already GOA-ON members, however, when all survey respondents were asked if they thought a regional GOA-ON OA Caribbean Hub would be beneficial, 78% responded “Yes”, 17% responded “Maybe”, and only 2% responded “No”. The majority of respondents felt that strong benefits of a regional GOA-ON OA Caribbean Hub included increased access to equipment (88%), capacity building (85%), regional organization and communication (83%), development of policy and decision-making resources (81%), help with SDG Indicator 14.3.1 reporting (75%), data sharing (66%), and collaborations and joint activities (54%). Survey respondents also had the opportunity to indicate if they were interested in future leadership opportunities in capacity building efforts.

GOA-ON regional hubs are built from the ground up with local community leaders to ensure alignment with regional goals and they are also provided with staff support from the GOA-ON Secretariat to facilitate meetings and connect GOA-ON members and Hubs to opportunities within the international network (Newton et al., 2015). Previously established GOA-ON regional hubs have demonstrated that benefits similar to those expressed by the survey respondents are achievable (Newton et al., 2015). For example, through opportunities within the GOA-ON network, many regional hubs have benefited from OA trainings and workshops, Pier2Peer mentorship and scholarships, increased access to technical equipment (i.e., GOA-ON in a Box Kits), increased opportunities for research funding, and international collaborations. While the needs within each GOA-ON regional hub are unique, the successes to establish and sustain OA monitoring and research within other regional hubs serve as examples for the potential resources that can be developed through the GOA-ON network.





GOA-ON OA Caribbean hub formation

To inform the Caribbean OA research community of the needs assessment results, the survey results were shared via email to respondents, presented during virtual meetings with Caribbean community members, and presented at a conference in the Caribbean where local OA practitioners were engaged in further conversations and discussions. Following these engagements, those interested in leadership positions for future capacity building networks were encouraged to attend an initial virtual meeting in May 2023, which was facilitated by the co-leads of this study, who were Sea Grant Knauss Fellows at NOAA OAP. After several virtual informational meetings where the survey results were presented, the Caribbean OA community leaders (who are co-authors of this study) decided to establish and lead monthly meetings to design the goals, scope, and direction of a collaborative network. Upon learning about the opportunities that GOA-ON regional hubs have provided other regions, the Caribbean OA community leaders decided to pursue the formation of a GOA-ON OA Caribbean Hub in November 2023 by creating and agreeing upon terms of reference and naming the steering committee members (https://www.goa-on.org/regional_hubs/caribbean/about/introduction.php). The GOA-ON OA Caribbean Hub was formed with two co-chairs hailing from Jamaica and the U.S. Virgin Islands, and five additional steering committee members located in Belize, Commonwealth of Dominica, Cuba, Puerto Rico, and the U.S. Virgin Islands. The GOA-ON OA Caribbean Hub welcomes members from the wider Caribbean region, including U.S. Territories, and as of February 2025 had 28 members from 14 different countries and territories.

The steering committee designed the GOA-ON OA Caribbean Hub goals to address the needs of the wider Caribbean region that were expressed in the needs assessment. The goals of the hub are to: (1) Grow involvement within the Caribbean OA community and promote activities within the hub; (2) Encourage coordination of efforts and collaboration with organizations and projects involved in ocean acidification observations, impacts, and data delivery; (3) Promote the awareness of the OA Caribbean Hub to the public, policymakers, and scientific community; and (4) Engage national and international funding agencies to support the activities of the OA Caribbean Hub.

Since its establishment, the GOA-ON OA Caribbean Hub has interacted with other GOA-ON regional hubs to learn about successful regional initiatives for building and sustaining OA research and monitoring capacity. Like other hubs, the OA Caribbean Hub has GOA-ON secretariat support to assist with connections throughout the international network as well as two seats on the GOA-ON Executive Council to help increase international networking and knowledge sharing with other GOA-ON regional hubs and international partners (Newton et al., 2015). The GOA-ON OA Caribbean Hub also has a dedicated early career steering committee member who sits on the International Carbon Ocean Network for Early Career (ICONEC) steering committee. International partners and networks have expressed interest in engaging with the OA Caribbean GOA-ON Hub including IOCARIBE, CARICOOS, UN Environmental Program (UNEP) SPAW, Caribbean Fishery Management Council, International Atomic Energy Agency (IAEA), and IOC-UNESCO.

Within a year of establishment, the GOA-ON OA Caribbean Hub maintained monthly steering committee meetings and made progress towards increased collaboration and expansion of its network with sessions at both 2023 and 2024 GOA-ON OA Week, a presence at international conferences such as the CariCOOS 2023 General Assembly, and facilitation of an OA workshop for regional collaboration on OA research. The Hub has worked to disseminate OA research updates and funding announcements via a monthly newsletter and created a policy brief in 2024 to communicate OA issues in the Caribbean to better inform local officials.

At the same time the GOA-ON OA Caribbean Hub was forming, there was also a strong push to establish the Caribbean-based Coastal Acidification Network (CariCAN) for the U.S. territories within the Caribbean: Puerto Rico and the U.S. Virgin Islands. While the Hub itself did not directly lead to the creation of the CariCAN, the growing momentum for OA research driven by researchers and NOAA’s programs like CariCOOS and OAP helped facilitate its formation in 2024. Throughout the U.S., there are seven CANs that are regionally located and they are designed to bring together collaborative partnerships across scientists, academics, Tribal community leaders, industry professionals, and policymakers to build capacity for regionally-specific OA science and disseminate research for U.S. states and territories (McLaughlin et al., 2015; Cross et al., 2019; Gassett et al., 2021). Coupling the GOA-ON OA Caribbean Hub with the CariCAN will complement the international GOA-ON network with U.S. capacity building and funding opportunities to expand the reach beyond scientific sectors.





Continued policy and community directions for sustained future capacity

This study suggests that there is a need to strengthen the resulting actions from high level policies to increase tangible support for funding, training opportunities, and access to regional networks that can help sustain OA research and assist with the translation of this research into mitigation and adaptation policies. Example models of the successful, sustained future capacity required in the Caribbean can be seen in The Pacific Islands Ocean Acidification Center (PIOAC), as well as in collaborative actions in the Gulf of Guinea. Both examples were made possible by significant collaborative funding investments, and they are already yielding high returns in improving OA research and policy capacity. Policymakers play a crucial role in increasing the regional awareness around OA and can advocate for increased support for OA research and monitoring within the existing regional networks (i.e., IOCARIBE, SPAW, etc.) and international communities and organizations (i.e., GOA-ON, IOC-UNESCO, NOAA, IAEA, etc.). Continued support for the recently established GOA-ON OA Caribbean Hub, CariCAN, and associated efforts for training and capacity building can ensure reliable science is being produced across the region that can inform mitigation and adaptation policies.

The GOA-ON OA Caribbean Hub’s policy brief produced in 2024 conveys OA data and possible OA mitigation solutions to regional policymakers to bolster efforts to include OA priorities in national and regional climate change policy. For example, the brief suggests policies should support increased collaboration, innovation, protection, and mitigation of OA. The ability to manage marine ecosystems and minimize the negative effects of OA and other stressors relies on targeted science that is conducted in collaboration with and supported by policy initiatives. Policies need to prioritize, fund, and direct sustained resources towards efforts to establish and reinforce robust monitoring programs at local and region-wide scales and support research efforts on OA impacts. Developing methods to convey OA data and solutions to policymakers at the regional and international levels requires collaboration amongst scientists and decision makers and open communication lines, which can further strengthen the scientific goals and ensure that scientific priorities also align with policy needs. Additional science-policy coordination and engagement with the communities can also help distribute resources for OA education.






Conclusion

The results of the wider Caribbean OA Needs Based Assessment Survey reflect the challenges to develop sustained regional OA monitoring projects that are designed by the community for the community to enhance research capacity in a data poor region. This study indicates that training to achieve greater technical capacity supported by sustained funding is essential to build research capacity at the community level. Since OA has unique local impacts that need continuous monitoring to understand natural variation, addressing OA requires sustained financial investment and commitment across communities and sectors, including policy and decision makers, to combat OA at a global scale (Weller et al., 2019). Dedicated support and funding for staff time is essential since many actors are involved in a variety of initiatives and commitments. Leaders within the Caribbean (including co-authors of this study) have stepped up to pioneer the field of OA within their communities in addition to many other responsibilities and need continued financial support and resources to carry on these efforts. External research collaborations, training, and funding initiatives should prioritize community needs by investing in grassroots leadership, co-designing and co-developing collaborative projects from the onset, and ensuring that the resources remain within the local community to sustain the initiatives. Only by creating policies that empower local community members and commit resources that align with their priorities can we begin to address the impacts of OA and meet climate goals.
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The massive influx of pelagic Sargassum spp. species, also known as Sargassum inundation events (SIEs), first arrived at the Caribbean’s coastal waters in 2011. These events have been linked to hypoxia, among other ecological disturbances. Here, we report data from 2022 on (1) an assessment of the relative magnitude of particulate organic carbon (POC) load arising from SIEs into the La Parguera Marine Reserve (LPMR) basin off the southwest coast of Puerto Rico and (2) the biogeochemical impact of SIE in a nearshore mangrove key within the reserve, Monsio Jose Key Bay (MJKB). Our analysis yields that the carbon influx increased by 20% in the LPMR basin and by 103% in MJKB. Weekly observations of Sargassum input, along with the collection and analysis of water samples in MJKB, evidenced a cause-effect relation between Sargassum carbon loading and frequency of hypoxic (DO < 2 mg·L-1) and critically acidic conditions (Aragonite saturation, Ω < 2.0). During the 2022 Sargassum season, hypoxic conditions were detected in 43% of samples collected in MJKB. Considering the modulation of biogeochemical parameters by changes in tide height (Δh) and wind speed (m·s-1), stepwise multiple regression analyses (RDA-AIC model selection) showed that significant parameters influencing DO, pH, and Ω include the Sargassum carbon influx and Δh (p < 0.05). These findings strongly support the hypothesis that the additional input of POC influx enhances microbial mineralization rates responsible for depressed oxygen concentrations and acidic conditions, which could be detrimental to coastal ecosystems. This is particularly concerning in areas prone to SIEs where geomorphological features facilitate the entrainment of floating materials. Proper management requires the identification of vulnerable sites and Sargassum removal. Ongoing efforts towards that goal are underway for LPMR.
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1 Introduction

Pelagic Sargassum blooms form aggregations or ‘rafts’ (Brooks et al., 2018), of which significant amounts are advected into Caribbean waters. Rafts support a drifting ecosystem hosting a wide variety of marine species (Weis, 1968; Casazza and Ross, 2008; Brown, 2020) and are recognized by the South-Atlantic Fisheries Council of the National Oceanic and Atmospheric Administration as an essential fish habitat (NOAA, 2003; Huffard et al., 2014; Cashman and Nagdee, 2017). Since 2011, the seasonal occurrence of large pelagic blooms of Sargassum, including two predominant species (S. fluitans and S. natans), has become the new normal in the Tropical and Subtropical North Atlantic from Brazil to Africa (de Széchy et al., 2012; Hu et al., 2016; Putman et al., 2018; Wang et al., 2019; Johns et al., 2020). Pelagic Sargassum blooms have attracted attention due to their substantial arrival in vast quantities, also known as Sargassum inundation events (SIEs), along the coasts of the Greater Caribbean and the Tropical Atlantic Regions (Moreira and Alfonso, 2013; Mendez-Tejeda and Rosado, 2019; Wang et al., 2019). Once brought ashore by currents and winds (Putman et al., 2018; Wang et al., 2019), the accumulation of Sargassum on the coast has been reported to lead to detrimental conditions for coastal ecosystems, fisheries, and tourism (Cashman and Nagdee, 2017; van Tussenbroek et al., 2017; Cabanillas-Teran et al., 2019; Mendez-Tejeda and Rosado, 2019; Brown, 2020; Bernard et al., 2022; Sánchez et al., 2023). Although SIEs have been considered a temporary phenomenon (Marsh et al., 2022), recent studies indicate that recurrent blooms could be associated with climate change, fluctuations in hydrodynamic patterns, and the introduction of anthropogenic nutrients (Djakouré et al., 2017; Sonter et al., 2017; Putman et al., 2018; Wang et al., 2019; Gouvêa et al., 2020). Sargassum accumulates seasonally under the Intertropical Convergence Zone (ITCZ) (Johns et al., 2020). In this zone the equatorial and Northwest Africa coastal upwelling regions, the Amazon and Orinoco River outflows, and the Saharan dust transported by the easterly trade winds supply a significant amount of nutrients (Wang et al., 2019; Oviatt et al., 2019), providing optimal conditions to sustain a Sargassum bloom in the North Equatorial Recirculation Region (NERR) (Gower et al., 2013; Wang and Hu, 2016; Djakouré et al., 2017). Following the bloom, the Sargassum is transported westward and eastward, creating the great Atlantic Sargassum belt (Wang et al., 2019; Johns et al., 2020; Skliris et al., 2022).

Given its effectiveness as a primary producer and storehouse of organic carbon (Krause-Jensen and Duarte, 2016; Gouvêa et al., 2020), SIEs can represent a significant exogenous source of particulate organic carbon (POC) (Valiela et al., 1997). POC influx can be expected to result in hypoxia and ocean acidification due to increased metabolic demands (Burkholder et al., 2007; Lee et al., 2007; Martínez-Lüscher and Holmer, 2010; van Tussenbroek et al., 2017). Hypoxic conditions associated with Sargassum have been linked to neritic fish and crustacean mortality (Rodríguez-Martínez et al., 2019). However, although Sargassum’s role in carbon dynamics in the Tropical and Subtropical Atlantic oceanic domains has been well-documented (Krause-Jensen and Duarte, 2016; Wang et al., 2018; Gouvêa et al., 2020; Hu et al., 2021), the impact of pelagic Sargassum carbon that inundates Caribbean coastal ecosystems remains to be adequately assessed. Further studies identifying the magnitude and frequency of SIEs driven hypoxia and acidification events in representative critical ecosystems should provide a baseline for the development of models predicting biomass influx and retention as well as the resulting hypoxia and acidification. Said forecasting tools would support resource managers responsible for deploying impact mitigation measures.

Here, we present data from a year-long (2022) time-series of observations focused on assessing the temporal variability of Sargassum biomass influx rates into the La Parguera Marine Reserve (LPMR) basin and at Monsio Jose Key Bay (MJKB) within the basin. The relative increase in POC loading resulting from Sargassum influx, both at the basin-wide scale and at MJKB, is estimated using available data on mangrove litterfall (Vega-Rodríguez et al., 2008; Pérez-Pérez et al., 2022) and seagrass production for LPMR basin (Liboy, 1976; Hertler, 2002). Below we report serial observations of dissolved oxygen (DO) concentration, total alkalinity (TA) and pH at MJKB, collected in parallel to biomass influx measurements provided for assessing the magnitude, frequency and duration of hypoxia and acidification events in a mangrove key, a typical ecosystem in LPMR basin, arising from SIEs.




2 Materials and methods



2.1 Area of study

This study was conducted in the coastal waters of LPMR off the southwestern coast of Puerto Rico (Figure 1), an area designated as a Nature Reserve in September 1979. The reserve consists of a series of reef cays with a dispersed distribution along the interior insular shelf hosting ecosystems, including coral reefs, seagrass meadows, and mangroves (Valdés-Pizzini and Schärer-Umpierre, 2014). Due to the prevalence of south-southeasterly winds, the area is particularly susceptible to SIEs (Hernández et al., 2022). Meteorologically, the LPMR basin is characterized by a wet season extending from August to November, and semiarid conditions prevail during the rest of the year (García-Troche et al., 2021; Ayala-Torres and Otero, 2023). Mangrove litterfall and seagrasses are the major organic carbon sources in LPMR. Net carbon production by planktonic autotrophs was not included as a source of POC in LPMR basin, as the only published information available (Odum et al., 1959) reports net autotrophy presumably supported by dissolved organic carbon (DOC) exported by mangrove forests. Moreover, Meléndez et al. (2022), using data from a decade of observations collected by La Parguera MapCO2 buoy, located off a mid-shelf reef key in the LPMR basin, reported net heterotrophic conditions during the year as slightly autotrophic conditions only prevailing during winter months.

[image: A satellite image with three panels. Panel A shows a wide view of the eastern United States, the Caribbean, and parts of South America. Panel B zooms in on Puerto Rico, indicating a specific area. Panel C further enlarges this area, displaying detailed geographic features with labeled points: MJ, SC, LA, ML, C3A, C2A, and C1A. A scale bar indicates distances, and a north arrow is present.]
Figure 1 | Satellite images showing (A) Puerto Rico in the Caribbean Sea, (B) the study area off the southwestern coast of Puerto Rico, and (C) the geographical distribution of Sargassum trap location around La Parguera Marine Reserve, Lajas, Puerto Rico. The white circles indicate study sites: SC (San Cristobal key; 17.942074°N, 67.076714°W), LA (Laurel key; 17.943191°N, 67.056441°W), ML (Media Luna key; 17.9395°N, 67.042871°W), C3A (17.9438°N, 67.009188°W), C2A (17.9434°N, 67.005127°W), and C1A (17.9442°N, 67.002603°W) (Corral Key) and MJKB (Monsio José Key Bay; 17.9688°N, 67.076871°W). The red squared in MJKB marks the location where a Sargassum trap was located, and biogeochemical samples were collected.




2.2 Estimation of Sargassum carbon influx

Six (6) Sargassum traps (Supplementary Figure A.1 in Supplementary Materials), constructed using PVC pipe and plastic mesh and measuring 0.63 x 0.5 x 0.63 m (depth x width x height), were deployed facing the prevailing southeasterly winds on the seaward edge of four reef islands on the outer southern boundary of LPMR basin. An additional trap was deployed in Monsio Jose Key Bay (MJKB) (17.9688°N, 67.076871°W), a nearshore mangrove-lined embayment (Figure 1). Traps were placed in 10 cm deep water to ensure water inflow even at low tide. Weekly sampling facilitated trap maintenance, allowing for continuous assessment of their condition. Traps were replaced as needed to ensure optimal functionality and uninterrupted sampling.

Quantification of the weekly Sargassum biomass influx (kg·m-1·Wk-1) into the LPMR basin and MJKB was estimated by collecting the Sargassum accumulated in the traps, transferring it to a mesh bag, and weighing it on-site using an electronic fish scale. The Sargassum wet weight was converted to POC using an averaged carbon-to-wet weight ratio of 0.05 ± 0.01 published by Laffoley et al. (2014); Wang et al. (2018, 2019); and Gouvêa et al. (2020) (Supplementary Table A.1 in Supplementary Materials). The total weekly Sargassum carbon influx to the LPMR basin was estimated using the weekly mean capture of all traps located in the outer reefs, normalized by the trap width (meters) and multiplied by the width of the basin’s windward boundary (10.4 km). For MJKB, weekly mean values were multiplied by the width of the channel (69 m) facing the prevailing wind. Sargassum carbon influx rates to MJKB nearshore station were contrasted with estimates of carbon influx from mangrove litterfall. To achieve a more comprehensive assessment of the carbon contribution, we also estimated DOC from Sargassum using values reported by Powers et al. (2019).




2.3 Estimating mangrove POC influx

The mangrove litterfall rate for the LPMR basin and MJKB were estimated using the mean of reported litterfall observations in LPMR, 476 dry weights·m-2·yr-1 (Vega-Rodríguez et al., 2008; Pérez-Pérez et al., 2022) and area estimates were derived from satellite imagery. Mangrove litter mass was converted to carbon using the 0.5 carbon/litter weight ratio reported by Golley et al. (1962) (Supplementary Table A.2 in Supplementary Materials). The estimated POC was converted to DOC using the 0.13 reported by Adame and Lovelock (2011).




2.4 Estimating seagrass POC input

Estimates of net carbon input from seagrasses are based on seagrass growth studies carried out in LPMR basin by Liboy (1976) and Hertler (2002). The mean seagrass productivity rate (4.56 ± 2.01 g·m-2·day-1) calculated from data from both studies was used to obtain the seagrass POC production rate for the basin. Said rate is consistent with reports from other areas in the Caribbean (Linton and Fisher, 2004; Juman, 2005). Seagrass biomass was converted to carbon using the carbon-to-biomass ratio (0.32) reported by Bay et al. (1996) (Supplementary Table A.3 in Supplementary Materials). We estimated the exudation carbon by using the POC-to-DOC ratio (0.126) reported by Robertson et al. (1982).




2.5 Biogeochemical observations at MJKB

Although Sargassum traps were deployed throughout LPMR, the analysis of weekly seawater samples for assessing the biogeochemical impact of SIEs was exclusively conducted for MJKB in this study. Samples were collected within 3.5 meters of the MJKB Sargassum trap (17.968766°N, 67.076871°W) from January 2022 to December 2022 between 7:00 and 10:00 a.m. (local time) at 1-meter depth using a Van Dorn 3.5 L sampler, following the best practices guidelines (Dickson et al., 2007). One seawater sample was collected for each parameter, which allowed for duplicate analyses in the lab. Conductivity and temperature data were collected with an SBE25 CTD. Seawater samples for pH and TA were fixed immediately with a saturated solution of mercury chloride (HgCl2) to prevent biological alteration. Analysis for pH on the Total Scale was performed using a spectrophotometer with m-cresol purple indicator dye (pHT ± 0.003) (Dickson and Goyet, 1996; Grasshoff et al., 2007). Total alkalinity determinations (TA ± 2 μmol·kg-1) (Dickson et al., 2007) were carried out following the protocol described by García-Troche et al. (2021). DO sample analysis was performed following the Winkler method (DO ± 0.50 mg·L-1) (Grasshoff et al., 2007; Astor et al., 2013). Aragonite saturation state (Ω) values were estimated from pH and TA measurements using the CO2SYS program (Lewis and Wallace, 1998).




2.6 Statistical analysis

Pearson’s correlation analysis was used to identify significant time-lagged correlations between the explanatory variable (i.e., weekly Sargassum carbon influx) and the dependent variables (i.e., DO). A MATLAB function was created to identify different weekly lags between the variables and show the significant Pearson’s correlation coefficient. The lagged Sargassum carbon influx (kgC·m-1) and physical parameters, such as wind speed (m·s-1) and changes in tide height, calculated as Δh = (tide height at sampling time)/(mean low tide), were included in data analyses to determine their significance in modulating the measured and calculated biogeochemical parameters (i.e., DO, pH, Ω). Wind speed data were sourced from the National Buoy Center, and tidal data were obtained from NOAA Tides & Currents for Station 9759110, Magueyes Islands, PR.

The MATLAB Fathom toolbox (Jones, 2017) was used to perform a stepwise forward selection of explanatory variables in Redundancy Analysis (RDA) using Akaike Information Criteria (AIC). This analysis identified optimal variables that substantially explained the variation of biogeochemical parameters (i.e., response variables; DO, pH, Ω). Explanatory variables included in the RDA-AIC analysis were Sargassum carbon influx, wind speed, and Δh. Subsequently, a permutation-based RDA with 1000 iterations was conducted using the optimal explanatory variables identified through the RDA-AIC analyses to derive the model statistics. Lastly, to gain a clearer understanding of the individual effects of the optimal explanatory variables on the response variables, a permutation-based Multiple Linear Regression via Least Squares Estimation with 1000 iterations were performed for each response variable independently. This enabled a more precise interpretation of the impact of each explanatory variable on the response variables, offering insights into their distinct roles within the broader model.





3 Results



3.1 Sargassum biomass influx

During 2022, SIEs at LPMR basin started in April and extended until November. The mean weekly Sargassum biomass influx for the six (6) traps, located in the outer keys of the LPMR basin (Figure 2), ranged from non-detectable to a maximum of 24.80 kg·m-1·Wk-1 occurring on the second week of May. An estimate of the mean weekly Sargassum biomass influx into the basin yields 7.85 ± 6.60 kg·m-1·Wk-1 or 81,725 kg·Wk-1 for the whole basin. For the same period, the weekly Sargassum biomass influx rate into the MJKB averaged 2.13 ± 5.08 kg·m-1·Wk-1 with a maximum Sargassum input rate of 23.22 kg·m-1·Wk-1 (Figure 3). Extrapolation using the width of MJKB channel (69 m) aligned with the prevailing wind direction, yields a weekly mean Sargassum biomass loading rate for the embayment of 155 ± 327 kg·Wk-1.

[image: Bar chart showing the weekly sargassum biomass influx in kilograms per week for 2022 at La Parguera Marine Reserve Basin. Biomass peaks in May and June, with values over 300,000 kg per week. Error bars indicate standard deviation.]
Figure 2 | Estimated average over-trap (n = 6) of Sargassum biomass influx on the outer keys extrapolated by the width of the LPMR basin during the 2022 season.

[image: Bar chart showing the weekly Sargassum biomass influx in Monsio Jose Key Bay for 2022. The highest influx occurs in May, peaking sharply around 1,800 kg per week. Other months have significantly lower levels, with minor peaks in June, July, September, and December. The x-axis represents months, and the y-axis indicates biomass in kilograms per week.]
Figure 3 | Estimated Sargassum biomass influx to MJKB, extrapolated by the width of the channel, during the 2022 season.




3.2 Carbon inputs to LPMR basin

Figure 4 presents the estimates of POC production by mangroves (as litterfall) and seagrasses (leaf growth) as well as estimates of Sargassum POC influx into the LPMR basin. The weekly POC production of seagrasses and mangroves totaled 18,209 kgC·Wk-1, while the POC loading arising from the Sargassum influx during high season in 2022 averaged 3,617 ± 3,452 kgC·Wk-1 with a standard error of 241 kgC·Wk-1, thus representing about 20 ± 19% increase in POC input to LPMR basin (Figure 4).

[image: Bar chart titled "Particulate Organic Carbon Source at La Parguera" showing three sources: Mangrove (6,787 kgC wk⁻¹), Seagrass (17,559 kgC wk⁻¹), and Sargassum (6,617 kgC wk⁻¹). Mangrove is green, Seagrass is purple, Sargassum is orange. Includes error bars for standard deviation.]
Figure 4 | Estimated weekly POC input rates from Sargassum and other primary sources in LPMR basin.

The weekly estimated exudates of DOC from the production of seagrasses and mangroves in the LPMR basin are 3,041 kgC·Wk-1 (Supplementary Table A.4 in Supplementary Materials). At the same time, the DOC loading arising from the Sargassum influx during the high season in 2022 averaged 6 kgC·Wk-1, thus representing a 0.2% minor fraction increase in DOC input to the LPMR basin. The comparison of the calculated POC and DOC fractions from Sargassum suggests that POC is the predominant contributor to the organic carbon pool in the LPMR basin.




3.3 Carbon input to MJKB

Weekly estimates of carbon loading from mangroves (as litterfall) and Sargassum to MJKB are presented in Figure 5. Nonetheless, for MJKB, the seagrass carbon was not considered because the study site does not harbor seagrasses. While carbon production by mangroves for the area in the MJKB, is estimated at 7.5 ± 1.4 kgC·Wk-1, Sargassum, POC influx averaged 7.7 ± 16.3 kgC·Wk-1, thus representing a 103% net increase in POC.

[image: Bar chart titled "Particulate Organic Carbon Sources at Monsio Jose Key Bay" comparing two sources. Green bar representing Mangrove (litterfall) shows 7.5 kgC per week. Orange bar representing Sargassum shows 7.7 kgC per week. Error bars indicate standard deviation. Data sources: Vega et al., 2008; Pérez-Pérez et al., 2022.]
Figure 5 | Estimates of POC sources at MJKB during the 2022 Sargassum season.

The carbon exudation estimates by mangroves, primarily through litterfall, for MJKB are approximately 1.0 kgC·Wk-1 (Supplementary Table A.5 in Supplementary Materials). In contrast, the DOC influx from Sargassum into the MJKB averaged 0.013 kgC, contributing to a minor increase of 1.3% in DOC.




3.4 Biogeochemistry at MJKB

Observations of biogeochemical data indicate that during the months before the arrival of Sargassum (winter season), pH ranged from 7.7 to 7.9, while Ω aragonite ranged from 2.2 to 3.0. DO values ranged from 3.28 to 5.24 mg·L-1, while temperature ranged from 26.11 to 28.21°C (Supplementary Table A.6 in Supplementary Materials). After the onset of the Sargassum season in early May, we observed a sharp decrease in pH, Ωaragonite, and DO (Figure 6). Simultaneously, we observed a warmer seawater temperature. For this period, pH values ranged between 7.0 – 7.8, with increased seawater acidity observed during the summer months when Ω aragonite ranged between 0.5 – 2.8, values under critical levels are Ω < 2.0. During the same period, DO values ranged from non-detectable to 4.67 mg·L-1, frequently reaching hypoxic or anoxic conditions. Temperature values ranged from 27.90 to 30.77°C, with higher temperature levels occurring between late summer and fall. The ecosystem’s gradual and modest recovery is evident towards the end of the season, albeit with sustained low DO and pH levels. These conditions persisted from mid-June to September.

[image: Four-panel chart depicting monthly data for 2022. Panel A shows Sargassum biomass peaking in May. Panel B illustrates dissolved oxygen levels fluctuating, with a critical threshold marked. Panel C presents aragonite saturation, mostly above a threshold, with dips around June and July. Panel D displays pH levels varying slightly across months.]
Figure 6 | Time series of (A) Sargassum carbon influx, (B) Dissolved oxygen, (C) Ω aragonite, and (D) pH, for the 2022 season at Monsio Jose Key Bay (MJKB). The red line represents the critical level for DO (<2 mg·L-1) and Ω (< 2).

Data analyses were performed using a one-week lag on the Sargassum carbon influx based on the significant time lagged correlations identified by the Pearson’s correlation analysis using DO, pH and Ω data (Supplementary Table A.7 in Supplementary Materials). These results suggest that biogeochemical parameters exhibit measurable changes one week after a SIE, indicating Sargassum impact on the system’s chemical dynamics. The stepwise RDA-AIC analyses showed that Δh and Sargassum carbon influx were the optimal explanatory variables for the variance of DO, pH and Ω (Table 1). A significant portion of the response variables is explained by Δh independently, but adding Sargassum carbon influx further improves the model. Wind speed was not identified as an optimal explanatory variable by the AIC analyses. The RDA permutation test demonstrated that the model incorporating the optimal explanatory variables identified through RDA-AIC accounted for a significant proportion of the variance in the response variables (p < 0.05, r² = 0.34; Supplementary Table A.8 in Supplementary Materials).


Table 1 | Akaike Information Criterion (AIC) model with explanatory variables (Δh, Sargassum carbon influx) that explained DO, pH, Ω at Monsio Jose.
	Variable
	r2
	r2Adjusted
	AIC



	Δh
	0.21
	0.19
	34.69


	Sargassum carbon influx
	0.32
	0.28
	31.27







Multiple linear regressions to assess the individual effects of Δh and Sargassum carbon influx on response variables (i.e., DO, pH, Ω) showed that DO is significantly influenced by Δh and Sargassum carbon influx (p < 0.05, r2 = 0.35; Table 2), with Sargassum carbon influx having a negative relationship and Δh having a positive relationship with DO. However, the response of pH and Ω is less well explained by Δh and Sargassum carbon influx (r2 = 0.14). The variation in Δh has a marginal influence on pH, whereas the influx of carbon from Sargassum has a minimal impact on Ω (Table 2).


Table 2 | Results of multiple regressions for DO, pH and Ω against Δh and Sargassum carbon influx.
	Response variable
	r2
	Adjusted r2
	p
	Intercept (beta, p)
	Sargassum carbon influx (beta, p)
	Δh (beta, p)



	DO
	0.35
	0.32
	1·10−3
	1.75, 2.00·10−3
	-0.03, 2.00·10−3
	1.33, 2.00·10−3


	pH
	0.14
	0.10
	1·10−3
	7.56, 2.00·10−3
	-3.12·10−3, 0.06
	0.13, 2.00·10−3


	Ω
	0.14
	0.09
	1·10−3
	1.86, 2.00·10−3
	-0.01, 2.00·10−3
	0.30, 0.08





Significant p values are in bold.







4 Discussion

Sargassum inundation events in LPMR basin and MJKB exhibit a marked seasonal variability, with peak influx rates occurring in spring and summer and quickly subsiding between August and December. In May 2022, the LPMR basin and MJKB experienced a major influx of Sargassum biomass, which has been corroborated by satellite image analyses reported by the University of South Florida Optical Oceanography Lab, which sets a new historical record for the month of May for all Caribbean regions, exceeding all major Sargassum blooms in previous years (Hu, 2022). The mean estimate of Sargassum biomass loading in LPMR basin indicates a substantial influx. The assumption is that the Sargassum collected in the traps represents the total Sargassum accumulation in the LPMR basin, which can lead to an overestimation of biomass influx. We emphasize that the purpose of this research is to estimate the amount of Sargassum POC entering the basin compared to well-known local POC sources. However, we compared our 2022 data on Sargassum biomass (wet weight) with data from Mexico in 2015. This comparison provides an insight into the influx estimate. Our data indicate that the LPMR basin received a monthly influx of 49,360 kg·km-1 for July-August, an amount notably lower compared to the monthly ~817,000 kg·km-1 accumulated on Mexico’s coastline in 2015 (van Tussenbroek et al., 2017).

The estimates reported in Section 4 for POC inputs to the LPMR basin indicate that, at the basin scale, Sargassum input represents a significant increase in carbon load (20%) over POC inputs from seagrass and mangrove litter. However, in MJKB, where the shoreline favors entrainment of buoyant material, the Sargassum inundation represented a 103% increase in carbon loading comparable with local carbon input from mangrove litterfall. This means that environmental conditions (e.g., prevailing winds, hydrodynamics) at specific geographical areas with shoreline characteristics that are conducive to the retention of Sargassum, are particularly vulnerable to SIE (León-Pérez et al., 2023). In MJKB, this additional input of POC into the ecosystem most probably leads to hypoxia and acidification enhancement due to increased metabolic demands in the benthos and water column (Burkholder et al., 2007; Lee et al., 2007; Martínez-Lüscher and Holmer, 2010; van Tussenbroek et al., 2017; Valiela et al., 1997; Rabalais et al., 2002; Wallace et al., 2014).

The tidal height differential (Δh) plays a significant role in regulating DO, pH, and Ω through physical and biogeochemical processes. During periods of larger Δh, the influx of offshore water into MJKB facilitates water mass flushing, promoting oxygenation and mitigating declines in pH and Ω. Conversely, when Δh is minimal and tidal exchange is limited, the “residence time” of water masses in MJKB may become stagnant, allowing biological processes such as respiration and the decomposition of Sargassum and other organic matter to drive reductions in DO, pH, and Ω. These findings indicate that tides actively shape the ecological and biogeochemical conditions at MJKB, even during SIEs.

Monsio Jose Key Bay is characterized by fringe mangroves, which are host to a varied community of autotrophs and heterotrophs and function as essential nursery grounds for juvenile fish (Nagelkerken et al., 2008), SIEs may disrupt these ecosystems, leading to direct mortality, forced migration, heightened vulnerability to predation, shifts in food availability, and changes to life cycles (Rabalais et al., 2002; Vaquer-Sunyer and Duarte, 2008; Dubuc et al., 2019; Pérez-Posada et al., 2023). Therefore, the constant arrival of Sargassum poses a threat to both flora and fauna. Hernández et al. (2022) suggest that the persistent influx of Sargassum may have negatively impacted vegetation cover, including mangroves and seagrasses, resulting in a decline in La Parguera. MJKB experienced 10 weeks of hypoxic conditions due to the accumulation of carbon-rich Sargassum biomass, with DO levels decreasing below the critical lethal concentration 50% (LC50) threshold of 2 mg O2/L (Vaquer-Sunyer and Duarte, 2008). According to Vaquer-Sunyer and Duarte (2008), fish and crustaceans would perish from hypoxia in these circumstances before they could reach the critical threshold.

The evolution of hypoxia was paralleled by a decline in aragonite saturation, which dropped below the critical threshold of Ω < 2.0 following SIEs (Sánchez-Beristain et al., 2016), as illustrated in Figure 6. The decrease in Ω could be disadvantageous for many marine organisms, such as corals, clams, echinoderms, mussels, oysters, etc (Morse et al., 2006; Bates et al., 2009; Millero, 2013; Mollica et al., 2018). Also, the low pH and Ω levels could affect commercially important species’ breeding areas and the food web dynamics at lower trophic levels (Branch et al., 2013; Sutton et al., 2016; Clements and Chopin, 2017).

The SIEs have a significant impact on the ecosystem and socio-economic consequences, disrupting tourism, limiting local recreational activities, and constraining fisheries due to reduced fish availability (Rodríguez-Martínez et al., 2019; Hamel et al., 2024). Additionally, there are challenges in developing cost-effective management strategies to remove Sargassum from shorelines (Hamel et al., 2024; León-Pérez et al., 2024). Our observations highlight the need for further assessment of impacts arising from Sargassum and the development of tools capable of forecasting SIEs and their biogeochemical impacts. The time series presented in this study was used to develop the CARICOOS’ coastal Sargassum inundation forecasting products (caricoos.org/sargassum) and is an ongoing effort to validate the models. In this way we are enhancing predictive models and providing tools for coastal management strategies.
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Few studies have investigated the potential drivers of high-resolution (daily and 24-hour scales) on ocean acidification (OA) and the carbonate system in a coastal estuary during an intense La Niña event. Therefore, we conducted the first high-resolution total scale pH (pHT) monitoring every three hours for 56 days (13 September to 7 November 2021) at the Colombian Pacific in El Muelle reef, Gorgona National Natural Park. Two moored autonomous submersible instruments (iSAMI-pH and CTD-Diver) were deployed at a depth of 2 m in an area influenced by extreme precipitation, river discharge, semi-diurnal tides, and southwest winds during La Niña 2020-2023. Total alkalinity was derived from salinity data and used alongside pHT to calculate sea surface seawater partial pressure of CO2 (pCO2w; μatm), dissolved inorganic carbon (DIC; μmol kg-1), and omega aragonite saturation (Ωa). The findings suggest that the observed low pH (7.93) and aragonite saturation state (Ωa = 2.22) values are likely attributed to increased precipitation. This enhanced precipitation resulted in higher river discharge, transporting naturally low-pH water to the island via mixing mechanisms (RiOMar type 2). Daily, decreasing solar radiation may reduce the seawater temperature, simultaneously elevating the pCO2w levels and reducing pHT. In contrast, elevated precipitation may reduce surface seawater salinity through freshwater dilution. Throughout the diurnal cycle, peak pHT values were recorded during late afternoon hours, likely driven by photosynthetic activity, while minimum values coincided with early morning periods of maximal respiratory activity. These results underscore the dynamic nature of this area and emphasize the need for long-term evaluation.





Keywords: ocean acidification, riverine input, ENSO, RioMar, coral reef







1 Introduction


Ocean acidification (OA) driven by human-induced increases in atmospheric carbon dioxide (CO2) (Sabine et al., 2004; Feely et al., 2009) has significantly altered carbonate chemistry, leading to increased concentration of hydrogen ions [H+] and reduced global pH levels (Kleypas et al., 1999; Caldeira and Wickett, 2003; Gattuso et al., 2015). The El Niño–Southern Oscillation (ENSO) modulates OA. During El Niño events in the Eastern Tropical Pacific, reduced trade winds weaken equatorial upwelling, limiting the transport of cold, nutrient- and carbon-rich waters from the deep ocean to the surface (Vaittinada Ayar et al., 2022). As a result, surface dissolved inorganic carbon (DIC) concentrations decrease, leading to relatively lower seawater pCO2w and reduced CO2 outgassing to the atmosphere (Feely et al., 2006; Ishii et al., 2014; Espinoza-Morriberón et al., 2019). In contrast, La Niña events strengthen the trade winds and enhance upwelling, bringing DIC and nutrient-rich waters to the surface (Vaittinada Ayar et al., 2022). This increase in upwelling elevates pCO2w levels, thereby increasing CO2 outgassing (Yasunaka et al., 2019) and can lead to lower pH levels in coastal waters, intensifying OA (Oliva-Méndez et al., 2018).


La Niña event also induces increased rainfall, which enhances river discharge in coastal areas (Restrepo and Kjerfve, 2000; Hernández et al., 2006; Blanco, 2009). This influx of freshwater significantly reduces the buffering capacity of estuaries to neutralize acids and maintain stable pH levels, because freshwater lacks the carbonate buffer system found in seawater. These conditions increase the solubility of CO2 and reduce the dissociation of bicarbonates (HCO3
-) into carbonate ions (CO3
-2; Cai et al., 2021). Additionally, rivers contribute to pH reduction by transporting organic matter, which releases carbon dioxide as it oxidizes upon reaching the sea (Salisbury et al., 2008; Zhai et al., 2015; Vargas et al., 2016). Moreover, nutrients from land and rivers are transported to coastal waters via runoff, forming low-salt river plumes that extend to the continental shelf, driven by winds and tides (Dai et al., 2022a). The areas influenced by these plumes, associated with the 19 largest rivers globally, cover an average of 3.7 × 106 km2 annually (Kang et al., 2013), representing approximately 14% of the total global continental shelf area (Dai et al., 2022a). Thus, salinity variations in estuary systems are determined by the mixing process influenced by tidal movements, precipitation, river discharges, and seawater influx (Atekwana et al., 2022).


In the Colombian Caribbean, La Niña events have been observed to intensify precipitation, leading to increased freshwater inflow and a subsequent dilution that significantly reduces DIC and total alkalinity (TA) (Ricaurte-Villota et al., 2025). Furthermore, heavy rains in the tropical Pacific Ocean can modify salinity, with dilution effects persisting for over 10 days (Henocq et al., 2010). This phenomenon decreases two key parameters of the carbonate system: TA and DIC (Turk et al., 2010; Ashton et al., 2016; Ho and Schanze, 2020). The relationship between low salinity and variations in the carbonate system has also been documented in other coastal regions of the Eastern Tropical Pacific (10°N), where precipitation influences can extend over 40,000 km2, due to surface ocean currents dispersing freshwater over larger areas (Ho and Schanze, 2020).


Estuaries and coastal waters present greater complexity compared to open ocean waters when estimating OA and the carbonate system, as they are highly variable environments due to the mixing of seawater and freshwater (Wang et al., 2019; Nehir et al., 2022). Additionally, these Tropical Pacific waters, often influenced by anthropogenic activities, are critical for acidification studies. However, their complexity and the time scales (ranging from hours to interannual changes) require high-resolution monitoring to accurately assess OA (Carstensen et al., 2018; Nehir et al., 2022). One of the key parameters to monitor in estuaries is the natural variation of water pH (Nehir et al., 2022), which is typically measured using the National Bureau of Standards scale (pHNBS) and total pH scales (pHT). The pHT is preferred in oceanography due to its accuracy. It also considers other factors that affect proton activity in complex solutions such as seawater, including the presence of salts (Fassbender et al., 2021).


The equatorial Pacific waters are characterized by lower pH values (8.00; Zhong et al., 2025) compared to the global average (8.05; von Schuckmann et al., 2024), making this region a key area for analyzing OA and its ecological impacts. To address this, continuous monitoring efforts using in situ submersible spectrophotometric sensors, such as Lab-on-Chip (Yin et al., 2021; Nehir et al., 2022) and the iSAMI-pH (Valauri-Orton et al., 2025), have proven effective for small-scale autonomous monitoring of the total pH scale (pHT). For example, in the Pacific Coastal Ocean, significant pHT variation (7.93 to 8.37) has been associated with upwelling events (Monterey Bay, USA) which increase pCO2w and reduce pHT (Gray et al., 2011). In contrast, during periods without upwelling and in the rainy season, a more minor pHT variation (ranging from 7.98 to 8.06) has been observed along the Pacific coast of Costa Rica (Bahia Culebra; Sánchez-Noguera et al., 2018). In this region, a distinct 24-hour cycle was detected, with the lowest pHT occurring in the early morning hours, due to organic matter respiration at night, and the highest pHT values recorded in the late afternoon, associated with photosynthesis (Sánchez-Noguera et al., 2018).


In the Colombian Pacific Ocean, high-resolution measurements of pHT have not been conducted. Instead, discrete measurements related to carbonate chemistry and pHNBS have primarily been performed in the Caribbean Sea and the Pacific Ocean, including sampling sites around Gorgona National Natural Park (GNNP) by Instituto de Investigaciones Marinas y Costeras José Benito Vives de Andréis (INVEMAR) as part of the program “Red de Vigilancia para la Conservación y Protección de las Aguas Marinas y Costeras de Colombia (REDCAM)”. In Tayrona National Natural Park, studies such as those by Ricaurte-Villota et al. (2025) have collected discrete samples of pHNBS, TA, and DIC, revealing high variability strongly influenced by coastal upwelling, precipitation, and river runoff, which are further affected by ENSO events. The high variability of oceanographic processes in coastal regions underscores the need for high-resolution monitoring, as discrete measurements are limited in their ability to capture natural variability and achieve sufficient temporal resolution (Nehir et al., 2022). Gorgona National Natural Park, located on the Colombian Pacific continental shelf, is a potential hotspot for OA due to its exposure to frequent ENSO events, which drive significant climate variability through El Niño and La Niña events (Lavín et al., 2006; Emerton et al., 2017; Fiedler and Lavín, 2017; Berri et al., 2019). As part of the Eastern Tropical Pacific (ETP), it is influenced by the Choco Jet, which brings intense precipitation from September to November (Serna et al., 2018; Guzmán et al., 2014), further increasing the already high fluvial discharge from the Patia-Sanquianga deltaic complex, the largest in Colombia (Díaz, 2007). Additionally, the Intertropical Convergence Zone (ITCZ) intensifies cloudiness and precipitation during this period, reducing solar radiation and potentially impacting the carbonate system and OA by altering water temperature and CO2 solubility, as observed in other regions (Webster, 2020; Cai et al., 2021).


Therefore, this study investigates fine-scale, high-frequency dynamics in coastal carbonate chemistry using continuous measurements of pHT, temperature, salinity, and derivation of TA, DIC, pCO2w, and omega aragonite saturation (Ωa). Focusing on Gorgona National Natural Park (GNNP) in the Colombian Pacific Ocean (Panama Bight), it examines how freshwater pulses during strong rainy season La Niña events modulate coastal carbonate buffering capacity and influence pH stability and ecosystem resilience to ocean acidification under climatic stress. This study uses a fixed mooring equipped with autonomous sensors to characterize high-frequency variability (daily over 56 days and hourly over 24 hours) of pHT and other carbon chemistry variables (TA, pCO2w, and DIC). Additionally, it explores the influence of tidal dynamics (ebb vs. flood) on variations in pHT, salinity, temperature, pCO2w, DIC, and TA, synchronizing high-resolution measurements from the iSAMI-pH and CTD-Diver with tide height data to identify primary sources of pHT variation (oceanic vs. riverine influences). Furthermore, the relationships, both in magnitude and direction, between pHT, salinity, temperature, pCO2w, DIC, and TA, with external drivers such as daily solar radiation and daily precipitation (influenced by the Intertropical Convergence Zone, ITCZ) were analyzed. Daily mean values of the dependent variables were calculated to assess their response to these environmental factors under extreme climatic and hydrological dynamics. Finally, the study evaluates whether pHT, salinity, temperature, pCO2w, DIC, and TA exhibit significant differences between early morning and late afternoon within a 24-hour daily cycle, providing insights into diurnal variability in the study area. By addressing the critical role of fine-scale processes in shaping coastal carbonate chemistry, this research fills a significant gap in understanding the dynamics of coastal systems under extreme conditions.






2 Methods





2.1 Study area


The Gorgona National Natural Park (GNNP; 2° 55’45” - 3° 00’ 55” N, 78° 09’ 00″ - 78° 14’ 30” W) is located on the continental shelf of the Colombian Pacific basin (
Figure 1
). This region is characterized by warm and low-salinity surface waters (Giraldo López, 2008; Giraldo et al., 2008, 2011, 2014), and constitutes one of the rainiest regions of the world, being also the rainiest area of Colombia with annual values ranging from 2500 mm to 8000 mm (Rangel and Rudas, 1990; Blanco, 2009). This condition is mainly associated with the latitudinal migration of the Intertropical Convergence Zone (ITCZ; Díaz Guevara et al., 2008) and the Choco Jet Stream, which increases cloudiness and precipitation due to the convergence of trade winds from the northern and southern hemispheres (Prahl et al., 1990; Díaz Guevara et al., 2008; Guzmán et al., 2014; Serna et al., 2018). During the second half of the year, the ITCZ moves north, altering the wind direction near 3°N latitude, which becomes dominant in the southwesterlies and forms the Choco Jet off western Colombia (Poveda and Mesa, 2000; Amador et al., 2006; Guerrero Gallego et al., 2012). During the study period (September 13 to November 7, 2021), the area was affected by the strong La Niña 2020–2023 event (thermal anomalies of -1.4 ± 0.1°C; 
Supplementary Table 1
, IDEAM, 2021) that increased total precipitation in the Colombian Pacific.


[image: Map showing the Gorgona National Natural Park area in the Eastern Tropical Pacific with three panels. Image A highlights coral reefs around the island, marked with different colors for Pavona spp, Pavona-Porites spp, Pocillopora spp, and undetermined coral. A star indicates the iSAMI-pH CTD-Diver location. Image B shows the park's location relative to the Colombian coast with surrounding rivers labeled. Image C provides a broader view of the park’s location within the Eastern Tropical Pacific.]
Figure 1 | 
Location of Gorgona National Natural Park in the Colombian Pacific Ocean, Eastern Tropical Pacific (ETP). (A) iSAMI-pH and CTD-Diver measurements at El Muelle reef (black star). The colored polygons show the coral reefs (Pavona spp - Porites spp, Pavona spp, and Pocillopora spp) around Gorgona according to Colombia’s Atlas of Coral Areas until 2020 (INVEMAR, 2020a). (B) The black polygon shows the protected area of Gorgona Park and its proximity to the Pacific coast (around 50 km), as well as the main rivers influencing the island (Guapi River, Patia - Sanquianga Rivers, Tapaje River, and Iscuande River). The black dot represents the “57025020 Gorgona Guapi” pluviometric station (DHIME, 2025), the orange dot represents the “26015040 Arrayanales” for solar radiation measurements (DHIME, 2025), while the red point represents the Buenaventura station for tide height measurements (Flanders Marine Institute [VLIZ] and Intergovernmental Oceanographic Commission [IOC], 2025). (C) Square showed the island’s position within the ETP. The red polygon shows the Panama Bight, which includes the Panama and Colombian Pacific basins.




Gorgona Park is in front of the Patia-Sanquianga delta complex (
Figure 1B
), the largest in the country, which contributes approximately 23% of the total freshwater discharged to the Colombian Pacific (2045 m3 s-1; Díaz, 2007). This delta comprises several rivers, including the Guapi, Patia, Iscuande, Tapaje, and Sanquianga (Díaz, 2007, 
Figure 1B
). Likewise, the tidal regime around GNNP is semi-diurnal, repeating twice in 24 hours, with two alternating high tides (5.82 m) and two low tides (-0.78 m; Flanders Marine Institute [VLIZ] and Intergovernmental Oceanographic Commission [IOC], 2025).


The Pacific coast has an average daily solar radiation of 3500 to 4000 Wh m-2 and an annual availability of solar radiation that varies between 1,080,000 and 1,440,000 Wh m-2 (UPME, 2005). During the year’s second half, solar radiation decreases until it reaches its minimum in December (Rangel and Rudas, 1990). Regarding its biodiversity, GNNP hosts one of the most critical coral reef areas in the Eastern Tropical Pacific (ETP) region in terms of structure and species diversity (Glynn et al., 1982; Zapata, 2001; Díaz et al., 2001) and connects the ETP with other Pacific regions (e.g., Hawaii, Polynesia) via larval potential dispersion (Romero-Torres et al., 2018). Remarkably, these reefs persist despite being regularly exposed to multiple environmental stressors. At the beginning of the year, they experience sub-aerial exposure during extreme low tides (Zapata, 2001; Zapata et al., 2010), low pH levels reaching as low as 7.4 (Giraldo and Valencia, 2013), cooler temperatures (16.69 °C; Giraldo et al., 2008), and hypoxic conditions (< 3.7 mg L-1) associated with seasonal upwelling (Castrillón-Cifuentes et al., 2023a, b). During the second half of the year, these reefs are subjected to low salinity levels during the rainy season (as low as 25; Giraldo et al., 2008), warmer temperatures (27 °C; Giraldo et al., 2008), and increased sedimentation rates (23.30 ± 4.34 g m-2 d-1; Lozano-Cortés et al., 2014). Coral species such as Pocillopora spp. and Pavona spp. dominate the eastern (leeward) and southern areas of Gorgona Island, while occurring more sparsely in the western and northern areas (
Figure 1A
, Zapata, 2001). The sampling point (
Figure 1A
) was located at the north end of El Muelle reef (northward surface current), where the genus Pocillopora spp. predominantly dominates this and the major eastern coral patch of Azufrada (Zapata, 2001; Romero-Torres and Acosta, 2010).






2.2 
In situ measurements


Continuous measurements of pHT, conductivity (mS cm-1), and temperature (°C) were made at a fixed depth of around 2 meters in El Muelle reef, GNNP (2° 57’ 39” N, 78° 10’ 25” W; 
Figure 1A
) from 13 September to 07 November 2021, every three hours, using a buoy anchoring system designed to compensate the tidal changes and to keep the equipment at a similar depth. The iSAMI-pH equipment (programmed with SAMI Client v2.5 software) was used to record pHT (accuracy: 0.0004 and precision: ± 0.0024) and temperature (accuracy: ± 0.14°C; at 24.55 °C Tris bottle number 10 Sunburst Sensors). The CTD Diver equipment (programmed with Diver Field software, Van Essen Instruments) was used to take conductivity measurements (accuracy: ± 1% mS cm-1). Conductivity data were also downloaded using Diver Field software. The salinity was calculated using the practical scaling relationship proposed by Aminot and Kérouel (2004). The iSAMI-pH data were downloaded with the SAMI program (QC pH v4.4). Because the QC pH v4.4 program handles a constant salinity of 35 units by default, the pHT data were corrected for salinity. To do the correction, the program was set to the corresponding average salinity (29.74 ± 0.94, 31.29; mean ± SD, maximum, n = 403) of the sampling point (2° 57’ 39” N, 78° 10’ 25” W). With the correction, differences in pHT of ± 0.01 units were observed. We used the average salinity value to ensure consistency in salinity correction, as the CTD Diver recorded salinity 30 minutes after iSAMI-pH measurements from October 10 to November 7. When both devices recorded simultaneously between September 13 and October 10, the difference between pH corrected with average and measured salinity was insignificant (± 0.0001). iSAMI recorded 49 outliers out of 441 data points, which were excluded from the analysis as iSAMI-pH identified them as measurement anomalies (error codes 100, 1001, 1010, and 1000) associated with issues related to pumping, dye supply, or blank measurement. Additionally, 19 temperature and 38 salinity data points were identified as outliers when plotting variables and their relationship to total pHT. These points were excluded from the analysis after applying a criterion based on standard deviation to consecutive measurements. Any change greater than 0.030 in pH, 0.30°C in temperature, or 0.94°C in salinity between measurements was considered a potential outlier. Flagged data points underwent contextual evaluation, considering environmental consistency (e.g., salinity-TA relationships, diel cycles, water mass characteristics), sensor artifacts, and physical plausibility. Only measurements inconsistent both statistically and contextually were excluded.






2.3 Carbonate system derivation


Total alkalinity (TA; μmol kg-1) was calculated using a regression line between salinity (in situ data taken with CastAway-CTD equipment) and TA. Preciado (2023) built the regression (y = 57.479x+249.08; R2 = 0.94; n=268) using measured local discrete TA data obtained from 8 sampling stations around Gorgona, one of which included the iSAMI-pH deployment site. The data were collected over 13 sampling months, from September 2021 to October 2022, at depths ranging from 2 to 80 meters, following the SOP-3b protocol (Dickson et al., 2007). Discrete samples of TA (± 13 μmol kg-1, Batch #182 2230.91μmol kg-1) were collected monthly at the iSAMI-pH site from November 2021 to July 2022. Comparing the measured TA values ​​with those estimated from salinity, a mean difference of 11 ± 5 μmol kg-1 and a regression coefficient of R² = 0.91 were observed (
Supplementary Figure 1
). Specifically, in November 2021, the difference was 10 ± 3 μmol kg-1. This regression approach for estimating TA through salinity has been validated in previous studies (Lee et al., 2006; Takatani et al., 2014; Carter et al., 2016; Fassbender et al., 2017; Metzl et al., 2024).


For the derivation of the carbonate system pCO2w (μatm), dissolved inorganic carbon (DIC; μmol kg-1), and omega aragonite (Ωa), we used the Carbonate System equation solution (CO2sys v3.0, Pierrot et al., 2021), with the pair pHT (n = 392) from iSAMI-pH and TA derived from the former regression, as well as salinity from CTD (Aminot and Kérouel, 2004) and temperature (iSAMI-pH). Propagation error analysis using CO2sys v3.0 estimated uncertainties of ±52 µmol·kg-1 for DIC, ± 33 μatm for pCO2, and ±0.16 for Ωa. In the carbonate system equation solution, the following constants were used: (i) Dissociation constants for K1 and K2 from Millero, 2010) for waters ranging from 0 to 40, given that the study area the salinities variation are between 27.03 to 31.29, (ii) KHSO4 dissociation constant from Dickson (1990), (iii) KHF from Perez and Fraga (1987), (iv) Total pH scale (mol-kg SW), (v) [B]T value from Lee et al. (2010), and (vi) EOS-80 standard.


To evaluate the influence of temperature and salinity, pHT was normalized using the mean temperature (27.39°C) and salinity (29.74), as recommended by Terlouw et al. (2019). Additionally, normalization was performed using constant values representing the minimum observed temperature (26.72°C) and salinity (27.03), to account for the most extreme conditions in the dataset (
Supplementary Figure 2
). This normalization process isolates the potential effect of temperature and salinity on pHT, following the methodology outlined by Sarmiento and Gruber (2006). The influence of temperature and salinity corresponds to the difference between the normalized pHT and the in situ measured pHT.






2.4 Statistical analysis: evaluation of external forcing on carbon chemistry





2.4.1 Tidal movement data


Daily tide measurements (m) between 13 September and 07 November 2021 were obtained from the UNESCO Sea Level Monitoring Facility database (Flanders Marine Institute [VLIZ] and Intergovernmental Oceanographic Commission [IOC], 2025), specifically from the Buenaventura station (3° 53’ 26” N, 77° 4’ 51” W), which measures the tide using a radar sensor. These tide measurements were temporally synchronized with iSAMI-pH and CTD-Diver data and subsequently labeled according to the water movement (ebb or flood; 
Supplementary Figure 3
). The dependent variables do not meet the assumptions of normality, so non-parametric tests were chosen (
Supplementary Table 2
). The Kruskal-Wallis nonparametric test was used to determine if there were significant differences (p < 0.05) in the dependent variables (pHT, salinity, temperature, pCO2W, DIC, and TA) when comparing tidal movements (ebb and flood tides).






2.4.2 Atmospheric variables, solar radiation, and precipitation, and correlation with carbon chemistry


For the study period, 56 days, daily solar radiation (Wh m-2) was obtained from the “26015040 Arrayanales” fixed station (2° 26’ 53” N, 76° 26’ 9” W; DHIME, 2025), and daily total precipitation (mm) from the “57025020 Gorgona Guapi” fixed station (2° 57’ 47” N, 78° 10’ 28” W; DHIME, 2025).


Daily means of the dependent variables (pHT, salinity, temperature, pCO2W, DIC, and TA) were calculated. A Spearman correlation analysis was performed between the dependent physical and chemical parameters and atmospheric variables (solar radiation and total precipitation) to evaluate the importance and direction of their relationship (rho value).






2.4.3 Hour carbon chemistry cycle analysis


The hourly cycle analysis was performed by calculating the average of the variables (pHT, salinity, temperature, pCO2W, DIC, and TA) taken at the same hour every three hours between 13 September and 7 November 2021. Carbonate alkalinity was also calculated following the equation proposed by Munhoven, 2013:





Alk

C

=
[


HCO

3
−

]
+
2
[


CO

3

2
−


]





The Kruskal-Wallis test executed in RStudio was used to determine if there were significant differences (p-value < 0.05) in the dependent variables (pHT, salinity, temperature, pCO2W, DIC, TA, and carbonate alkalinity) when comparing the early morning hours (5:00 - 6:00) with the late afternoon hours (17:00 - 18:00).








3 Results


The sampling period took place during a year with strong La Niña conditions displaying atmospheric thermal anomalies of -1.4 ± 0.1°C (
Supplementary Table 1
; IDEAM, 2021) and extreme precipitation values (959 ± 316 mm/monthly; DHIME, 2025). Throughout the study period, pHT decreased from September until October 25 (
Figure 2
), after which it increased until November 7, while pCO2w, DIC, and salinity increased until October 25 and then decreased until November 7. Throughout the study period, pHT and pCO2w exhibited opposite trends (
Figure 2
), with lower pHT values corresponding to higher pCO2w levels and vice versa (
Table 1
). pHT averaged 8.01 ± 0.03, peaking on September 15 (8.09), then decreasing until October 25, reaching a minimum on October 16 (7.93), before increasing again until November 7. In contrast, pCO2w averaged 397 ± 36 μatm, reaching its minimum on September 15 (302 μatm), increasing until October 25, reaching a maximum on October 16 (499 μatm), and then decreasing until November 7. Salinity averaged 29.74 ± 0.94, increasing until October 25, with a peak on October 20 (31.29), then decreasing until November 7, reaching its minimum on that date (27.03). Similarly, TA averaged 1959 ± 54 μmol kg-1, increasing until October 25, with a maximum on October 20 (2048 μmol kg-1), then decreasing until November 7, when it reached its minimum (1803 μmol kg-1). DIC followed a similar pattern, averaging 1728 ± 49 μmol kg-1, increasing until October 25, with a maximum on October 11 (1807 μmol kg-1), and decreasing until November 7, with a minimum on November 5 (1574 μmol kg-1). The temperature averaged 27.39 ± 0.30°C, with a peak on September 20 (28.50°C), decreasing until October 9 and remaining stable until October 25 (27.25 ± 0.16°C), before oscillating until November 7, when it reached a minimum on November 4 (26.72°C).


[image: Graphs labeled A to F show variations over time from September thirteenth to November seventh. A: Green line for pH between 7.90 and 8.10. B: Blue line for salinity between twenty-seven and thirty-one. C: Brown line for temperature between twenty-six point five and twenty-eight point five degrees Celsius. D: Yellow line for partial pressure of carbon dioxide from three hundred to five hundred microatmospheres. E: Red line for dissolved inorganic carbon between fifteen hundred seventy and eighteen hundred ten micromoles per kilogram. F: Black line for total alkalinity between eighteen hundred and two thousand fifty micromoles per kilogram. Red dots indicate significant events.]
Figure 2 | 
High-frequency measurements of (A) pHT (green), (B) salinity (blue), (C) temperature (brown), (D) pCO2w (orange), (E) dissolved inorganic carbon (DIC; red), and (F) total alkalinity (TA; black) every three hours between September 13 and November 07, 2021. The black circles highlight each variable’s highest and lowest values, while the red dot marks October 25, when pHT began to increase and pCO2w, salinity, TA, and DIC began to decrease.





Table 1 | 
Descriptive statistics of the measured and derived variables (*) from September 13 to November 07, 2021, in El Muelle reef, GNNP, Colombian Pacific.





	Statistics

	pH

	Salinity

	Temperature

	pCO2w*

	DIC *

	TA *

	Ωa*




	(total scale)

	(°C)

	(μatm)

	(μmol kg-1)

	(μmol kg-1)






	Mean
± SD
	8.01 ± 0.03
	29.74 ± 0.94
	27.39 ± 0.30
	396.78 ± 36.25
	1728.10 ± 49.06
	1959.42 ± 54.14
	2.71 ± 0.17



	Maximum
	8.09
	31.29
	28.50
	498.94
	1806.97
	2047.60
	3.09



	Minimum
	7.93
	27.03
	26.72
	302.29
	1574.23
	1802.74
	2.22



	N
	392
	403
	422
	354
	355
	391
	355







The mean value, standard deviation (SD), maximum, minimum, and sample size of the measured variables pHT, salinity, temperature, and derived variables pCO2w, DIC, TA, and Ωa are described.




When pHT was normalized using salinity and temperature, the variation attributed to mean salinity reached up to 0.001 pH units, and up to 0.047 pH units when using the minimum salinity. In contrast, minor temperature-related variations reached only 0.000028 pH units with the mean temperature and 0.017 pH units with the minimum temperature. These results suggest that salinity plays a more significant role than temperature in driving pHT variability (
Supplementary Figure 2
).





3.1 Tidal movement


No significant differences were found between high and low tides for the dependent variables of pHT, salinity, temperature, pCO2w, DIC, and TA (
Supplementary Table 3
). However, pHT during flood tide (8.010 ± 0.031) was slightly higher than during ebb tide (8.008 ± 0.029), with a lower positive slope on the regression line (
Figure 3A
). pCO2w and DIC showed similar values during the flood tide (396 ± 38 μatm and 1726 ± 52 µmol kg-¹, respectively) and the ebb tide (397 ± 35 μatm and 1730 ± 46 µmol kg-¹, respectively), with a slight negative slope observed in the regression trend (
Figures 3D, E
, respectively). Variables such as temperature, salinity, and TA exhibited slopes close to zero, indicating that this area’s seawater and river water are well-mixed.


[image: Scatter plots showing relationships between normalized water level and six parameters: pH (A), salinity (B), temperature in Celsius (C), partial pressure of carbon dioxide (pCO2) (D), dissolved inorganic carbon (DIC) (E), and total alkalinity (TA) (F). Each plot features blue dots and red triangles for individual data points, with trend lines showing data fit, accompanied by shaded error bands.]
Figure 3 | 
Normalized water level (0.00–1.00) plotted against the dependent variables: (A) pHT, (B) salinity, (C) temperature, (D) pCO2W, (E) dissolved inorganic carbon (DIC), and (F) total alkalinity (TA). The blue regression line and dots represent flood, while the red regression line and triangles represent ebb. A normalized tide value of 0.00 corresponds to a minimum low tide, and 1.00 corresponds to a maximum high tide.








3.2 Physico-chemical seawater parameters and atmospheric variables (56 days’ time scale)


The independent atmospheric variables (solar radiation and total precipitation) were correlated with water type (sea surface temperature and salinity) and carbon chemistry data (pHT, pCO2w, DIC, and TA). Total daily solar radiation showed the strongest correlations with all dependent variables; suggesting that average radiation values of 3078 ± 1098 Wh m-² (n= 56), as well as radiation values in a range of 1378 to 5968 Wh m-² displayed positively correlations with mean daily temperature and pHT, and negative correlations with salinity, pCO2w, DIC, and TA (
Table 2
). In contrast, total daily precipitation (mean average of 31 ± 27 mm; n= 56) within the 0 to 115 mm range only correlated negatively with mean daily salinity (
Table 2
). No significant correlation was observed between daily precipitation and pHT, temperature, pCO2W, DIC, and TA (
Table 2
). In addition, rainwater samples collected during the high rainfall season (May 2022) in GNNP showed the lowest salinity values (0.26).



Table 2 | 
Spearman correlation between the dependent variables (daily average) pHT, salinity, temperature, pCO2W, dissolved inorganic carbon (DIC), total alkalinity (TA), and the independent variables (daily total) solar radiation and precipitation.





	Variables

	Statistics

	pHT


	Salinity

	T

	pCO2w*

	DIC *

	TA*






	Radiation
	p value
	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	

	rho
	0.37
	-0.41
	0.51
	-0.46
	-0.42
	-0.41



	Precipitation
	p value
	0.22
	
0.04

	0.85
	0.13
	0.06
	0.06



	

	rho
	0.17
	-0.28
	0.03
	-0.21
	-0.26
	-0.26



	pH
	p value
	 
	
0.00

	
0.03

	
0.00

	
0.00

	
0.00




	

	rho
	 
	-0.54
	0.29
	-0.95
	-0.63
	-0.53



	N
	

	56
	56
	56
	56
	56
	56







In bold, the variables that were significantly correlated (p < 0.05). Dependent variables marked with an asterisk (*) indicate values derived either from a regression with salinity (e.g., TA) or calculated using CO2sys (e.g., pCO2W and DIC). In contrast, unmarked variables were directly measured in the field.








3.3 Diurnal, 24-hour cycle of the carbonate system


pHT, temperature, pCO2W, and DIC followed a pronounced diurnal cycle with significant differences (p < 0.05; 
Supplementary Table 4
) between early morning and late evening hours (
Figure 4
). During early morning hours, after sunrise (5:00 - 6:00), at 8:00 the lowest values of pHT (7.993 ± 0.040; 
Figure 4A
) and temperature (27.23 ± 0.18; 
Figure 4B
) were recorded, as well as the highest values of pCO2W (413 ± 40 μatm; 
Figure 4C
) and DIC (1739 ± 46 μmol kg-¹; Figure D). In the late afternoon (17:00 - 18:00), during sunset, the highest values of pHT (8.030 ± 0.025; 
Figure 4A
) and temperature (27.61 ± 0.36; 
Figure 4B
) were found, together with the lowest pCO2W (374 ± 25 μatm; 
Figure 4C
) and DIC (1718 ± 50 μmol kg-¹; 
Figure 4D
). In contrast, salinity (
Figure 4E
), TA (
Figure 4F
), and carbonate alkalinity did not show significant differences (p > 0.05, 
Supplementary Table 4
) between early morning and late evening hours.


[image: Line graphs showing variations in pH, temperature, partial pressure of carbon dioxide, dissolved inorganic carbon, salinity, and total alkalinity over a day. Shaded areas highlight daytime periods. Each graph includes error bars indicating variability.]
Figure 4 | 
The diurnal scale (24 hours) of (A) pHT, (B) temperature, (C) pCO2W, (D) dissolved inorganic carbon (DIC), (E) salinity, and (F) total alkalinity (TA). The points represent the daily averages of measurements recorded every 3 hours over 56 consecutive days, with the red lines indicating the standard deviation of the daily averages. The shaded area highlights the daylight hours.









4 Discussion





4.1 Freshwater input, precipitation, and river discharges play a key role in the Pacific Colombian GNNP region


The high variability found in variables pHT, salinity, temperature, pCO2w, DIC, and TA at El Muelle reef highlights the influence of La Niña 2020–2023 event. La Niña event strengthened the Choco Jet (Hoyos et al., 2013; Arias et al., 2015; Serna et al., 2018), which caused an increase in precipitation in the Colombian Pacific basin and, consequently, an increase in the river flow into the sea (Restrepo and Kjerfve, 2000; Blanco, 2009; Serna et al., 2018). During the sampling period from September to November 2021, the station “57025020 Gorgona Guapi” recorded a total precipitation of 2878 mm, exceeding the total multiannual monthly average by more than 59% to 1815 mm.


Likewise, the station “53047010 Sangaral” recorded a monthly average flow of the Guapi River of 447 m³ s-1, exceeding by 44% the total multiannual monthly average of 309 m³ s-1. Thus, the sampling period was characterized by a considerable inflow of freshwater from river discharges and high rainfall that explained the reduced recorded salinity values and part of the pHT variability (
Figure 2
). The salinity normalization and correlation (
Table 2
) suggest that salinity plays a significant role in pHT variability. The interplay between low salinity and reduced alkalinity (directly correlated) and pH variability underscores its critical role in coastal biogeochemical cycles. Reduced salinity not only dilutes carbonate and bicarbonate ions but also disrupts the equilibrium of the CO2 system, as observed in estuarine zones by Feely et al. (2010) and Cai et al. (2021), where freshwater influx exacerbates anthropogenic CO2 uptake. These dynamics challenge the buffering capacity and resilience, particularly in reefs, where a range of water pH is essential for calcification.


Additionally, high rainfall and the consequent excess of freshwater (characteristic of a RioMar system) acted as a surface layer dilution factor (Zeebe and Wolf-Gladrow, 2001; Turk et al., 2010; Trujillo and Thurman, 2016; Ho and Schanze, 2020), contributing to reducing, even more, the salinity over time. For example, Ho and Schanze (2020) reported a rapid decrease in salinity of 4.4 at depths of 2 to 3 cm in response to heavy rainfall in the Eastern Equatorial Pacific, highlighting the impact of precipitation on coastal salinity dynamics. Salinity gradients and alkalinity depletion may act as synergistic stressors, which align with broader concerns about coastal acidification (Doney et al., 2009) and the ecological risks associated with climate change scenarios.


The tides exert a continuous physical influence, due considerable tidal variation, having maximum amplitudes of 5.82 m and minimum of -0.78 m in 2021 (3.39 ± 1.20 m; Flanders Marine Institute [VLIZ] and Intergovernmental Oceanographic Commission [IOC], 2025), implying millions of cubic meters of freshwater entering and leaving the coastal system, mixing oceanic water with freshwater coming from the Patia-Sanquianga complex plus the rainfall. The well-mixed RioMar water has minimal salinity variations throughout a full ebb and flow cycle (
Figure 3
). This high mixing condition persists up to 55 km downstream of the river mouth. As indicated by Palacios Moreno and Pinto Tovar (1992), due to the high tide, mixing begins at the river mouth, where seawater enters through the bottom of the Guapi River, resulting in waters with a salinity of 25.60 at 10 m, compared to 17 at 1 m. Furthermore, tides and the southern trade winds during La Niña events generate coastal currents and a strong swell (Osorio et al., 2014) that contribute to mixing these two water types, creating an estuary environment. Consequently, this coastal zone can be classified as a Type 2 RiOMar regime (Dai et al., 2022a), characterized by a high-energy tidal system and significant mixing near the river mouths (Lamarque et al., 2022).


In this scenario, the riverine influence reaching GNNP may explain the observed decrease in pHT over the study period. This trend is likely driven by the input of CO2 derived from riverine DIC, potentially due to the input and decomposition of organic matter, which increases H+ ion concentrations, as observed in other coastal regions (Vargas et al., 2016; Cai et al., 2021). In fact, in the Eastern Colombian Pacific, the observed decrease and low values of pHT were strongly correlated with salinity, pCO2w, and DIC (
Table 2
). Between 2018 and 2021, data collected at 13 river stations near the GNNP showed pHNBS values ranging from 6.3 to 8.3. Suspended solids ranged from 11 to 407 mg L-1, while nitrate (NO3
-) concentrations ranged from 2 to 90.9 µg L-1. Phosphate (P-PO4
3-) levels fluctuated between 2 and 3.3 µg L-1, and chlorophyll-a concentrations ranged from 0.07 to 9.8 µg L-1. The highest values ​​for these parameters were recorded during the year’s second half, coinciding with the rainy season (INVEMAR, 2020b; INVEMAR, 2022), which could contribute to acidification. This phenomenon aligns with RiOMar systems, where high DIC and nutrient inputs from rivers reach nearshore waters, and organic matter is subsequently exported to the continental shelf (Gan et al., 2009; Dai et al., 2022a). Decreases in pHT in other estuaries have been indirectly linked to fluvial discharges. For example, along the central-southern Chilean Pacific coast (Biobío River basin), the expansion of the river plume seaward led to reduced pHT conditions (7.6) during periods of maximum higher river discharge, compared to more oceanic stations where pHT ranged from 7.95 to 8.15 (Vargas et al., 2016). Likewise, in the South Pacific Ocean, in Coral Bay, fluvial discharges from low-pH rivers (7.739 ± 0.022) cause coastal areas with low pHT (8.014 ± 0.015) (Aguilera et al., 2013), similar to low pH observed across the GNNP Colombian Pacific Region. Indeed, the surface values (2m) of pHT (8.01 ± 0.03), salinity (29.74 ± 0.94), TA (1959 ± 54 µmol kg-1), DIC (1728 ± 49 µmol kg-1) and Ωa (2.71 ± 0.17) at El Muelle reef (GNNP) are below the surface averages reported for the North Pacific (8. 105 ± 0.06, 34.05 ± 0.86, 2255 ± 34 µmol kg-1, 1959 ± 42 µmol kg-1 and 3.30 ± 0.7; respectively) and the South Pacific (8.079 ± 0.03, 35.29 ± 0.55, 2319 ± 35 µmol kg-1, 2003 ± 39 µmol kg-1 and 3.52 ± 0.4) (Feely et al., 2009).


On the contrary, oceanic areas without river input, such as North Pacific Monterey Bay, have recorded relatively high pHT (Gray et al., 2011). However, at higher latitudes on the Pacific coast of Costa Rica, low pHT levels were associated with the rainy season (Sánchez-Noguera et al., 2018). A drop in pHT is also known to occur in the estuaries of Swartkops and Sundays in South Africa, where, due to strong inflows of freshwater, a high pHT decrease of 0,46 pH units was produced (Edworthy et al., 2022). The relatively low pHT of the Pacific Colombian Coast (El Muelle, GNNP, 
Table 3
) is similar to studies in the East River China Sea, where the low pHT (7.98 to 8.07) was attributed to the high river inputs from the Changjiang plume, known to carry organic carbon, nutrients, and CO2 supersaturated water (Wu et al., 2021). We already know that freshwater inputs from rivers play a critical role in shaping carbonate chemistry in coastal systems, particularly in the continental shelf. As well as in our study site, Rérolle et al. (2018) have identified riverine discharges, characterized by high DIC and TA, as key drivers of reduced pHT in the Irish Sea, southern North Sea, and Skagerrak region. Further studies on carbon chemistry in the region are needed, including direct measurements of DIC and dissolved organic matter in the Patia-Sanquianga complex during wet and dry seasons. These and other chemical parameters, such as nutrients, are crucial to evaluating rivers’ contribution to coastal carbonate chemistry, particularly near reef systems, and the impact on ocean acidification (Borges et al., 2005; Cai et al., 2021). The main knowledge gaps include the effects of remineralization on pH in tropical estuaries (Dai et al., 2022b; Vargas et al., 2016) to understand the vulnerability of ecosystems to OA.



Table 3 | 
Comparison between autonomous sensors recorded total scale pH (pHT) across various geographical zones.





	Location

	Long.

	Lat.

	Ocean

	Instrument

	pHT range

	Reference






	Bahia Monterrey, 
EEUU
	121° 54′ 0″ W
	36° 49′ 48″ N
	Pacific Ocean
	iSAMI-pH
	7.93 - 8.37
	
Gray et al., 2011




	Bahia Culebra, Costa Rica
	85° 36′ 0″ W
	10° 30′ 0″ N
	Pacific Ocean
	iSAMI-pH
	7.98 - 8.06
	
Sánchez-Noguera et al., 2018




	East China Sea
	128° 30′ 0″ E
	30° 0′ 0″ N
	Pacific Ocean
	SeaFET Ocean pH sensor
	7.98 - 8.07
	
Wu et al., 2021




	Northwest European Shelf Seas
	10° 0′ 0″ W to 10° 0′ 0″ E
	45° 0′ 0″ N to 60° 0′ 0″ N
	Atlantic Ocean
	Lab-on-Chip
	7.99 - 8.21
	
Rérolle et al., 2018




	Algoa Bay, South Africa
	25° 48′ 0″ E
	33° 48′ 0″ S
	Atlantic Ocean
	iSAMI-pH
	7.98 - 8.44
	
Edworthy et al., 2022




	Gorgona, Colombia
	78° 6′ 0″ W
	2° 54′ 0″ N
	Pacific Ocean
	iSAMI-pH
	7.93 - 8.09
	This study (2021)







Note that the minimum pHT recorded at Gorgona Island, Colombia, is lower than in other regions.








4.2 Daily scale of carbon and physical seawater variability and atmospheric variables, solar radiation, and precipitation


During the study period, the ITCZ was located close to the equator in the Colombian Pacific Ocean (Díaz Guevara et al., 2008), which intensified cloudiness and precipitation due to the convergence of trade winds from the northern and southern hemispheres (Díaz Guevara et al., 2008). The increase in cloudiness likely contributed to the decline in solar radiation, which diminished from 3,709 ± 1,205 Wh m-2 in September to 2,501 ± 789 Wh m-2 in November, with a marked reduction between October 1 and 25 (2,488 ± 590 Wh m-2; 
Figure 5A
). Given the positive correlation between solar radiation and temperature (Trujillo and Thurman, 2016; Webster, 2020), the decrease in solar radiation may explain the low SST observed from September 13 to November 7. According to Millero (2007, 2013) lower temperatures increase CO2 solubility in seawater, suggesting that the temperature decline likely improved oceanic CO2 uptake by enabling its transfer from the atmosphere to the ocean during the study period. The resulting CO2 increase could explain pCO2w and DIC’s highest values (
Figure 2
), particularly between October 1 and 25, when solar radiation was at its lowest (
Figure 5
). Thus, the solar radiation and temperature reduction may partially explain the observed decline in pHT during this period. The inverse correlation between pHT and pCO2w also suggests that fluctuations in pCO2w (indirectly DIC) could help explain pHT variations over September-November (
Table 2
; Zeebe and Wolf-Gladrow, 2001; Millero, 2013; Cai et al., 2021). After October 25, the rise in solar radiation and temperature may have led to a pHT increment by approximately 0.028 units, along with a decrease in pCO2w by 41 μatm and DIC by 100 μmol kg-1 (
Figures 2D, E
).


[image: Bar charts A and B compare solar radiation and precipitation from September to November. Chart A shows solar radiation in watt-hours per square meter with a consistent increase and decrease. Chart B displays precipitation in millimeters with noticeable peaks. Both charts include a horizontal threshold line.]
Figure 5 | 
Atmospheric variables in the study area from September 13 to November 7, 2021. (A) Solar radiation was recorded at station 26015040 (Arrayanales). The black line indicates the daily (September to 7 November 2021) for solar radiation (3078 Wh m-2) and precipitation (31 mm), and (B) Total precipitation was recorded at station 57025020 (Gorgona). Periods above the daily average are highlighted in blue, while periods below the daily average are shown in red.




Between October 3 and 16, total precipitation amounted to 22 mm (
Figure 5B
), with most days recording values below the mean daily precipitation of 31 mm. The observed reduction in precipitation likely diminished freshwater inflow relative to seawater, thereby enhancing salinity levels and elevating TA and DIC concentrations during this period. During the sampling period (September 13 to November 7), evaporation (Copernicus Climate Change Service, 2024) was highest in October (-62 mm), followed by September (-36 mm) and November (-15 mm). However, in all cases, the monthly accumulated evaporation remained well below the corresponding monthly precipitation totals of 680 mm, 727 mm, and 261 mm, respectively (DHIME, 2025).


In addition to previously discussed mechanisms, the elevated levels of pCO2w, DIC, and salinity observed between October 1 and 25 may also be influenced by a coastal upwelling event. This hypothesis is supported by the positive values of zonal Ekman transport (ZET) during this period, which indicates eastward surface water movement, given the regional coastline orientation and prevailing wind patterns (Corredor-Acosta et al., 2020). The eastward Ekman transport suggests offshore water displacement and the potential for deeper, carbon- and nutrient-rich water upwelling (
Supplementary Figure 4
).






4.3 24-hour cycle of the carbonate system


During early morning hours (5:00 - 6:00 am), we registered the lowest pHT and temperature values, along with the highest concentration of pCO2w and DIC, suggesting the influence of night-time respiration processes before daylight (Millero, 2013; Albright et al., 2013; Sánchez-Noguera et al., 2018). On the other hand, the highest values of pHT and temperature and the lowest values of pCO2w and DIC recorded during the late afternoon (17:00 - 18:00) suggest photosynthetic processes during daylight driven by increased solar radiation (Cyronak et al., 2013). The mean diel change of 0.037 units in pHT and 0.38 °C in temperature between early morning and afternoon hours fall within the expected diel variability for shallow environments (0.7–17 m), where biological and physical processes significantly influence pH and temperature dynamics (Cyronak et al., 2013).


The absence of a significant difference in TA and carbonate alkalinity between early morning and late afternoon hours may be due to the derivation of TA using a TA-salinity relationship, which primarily accounts for processes such as evaporation, precipitation, and mixing tides (Spaulding et al., 2014). In contrast, calcification and dissolution, more likely to exhibit variations over a 24-hour cycle, may not be adequately reflected (Zeebe and Wolf-Gladrow, 2001; Millero, 2013; Cai et al., 2021). However, the data indicate that the El Muelle reef, close to the sampling point, is composed predominantly of Pocillopora spp. (
Figure 1
; Zapata, 2001; Acosta et al., 2007), was exposed during the sampling period to low pHT (8.01 ± 0.03), salinity (29.32 ± 1.01), and Ωa (2.71 ± 0.17). These environmental conditions are considered challenging for Pocillopora spp., which are known to be highly sensitive to reduced pH and lowered salinity associated with river discharge (Alvarado et al., 2005; Lizcano-Sandoval et al., 2018; Sánchez-Noguera, 2019). Notably, the global, annually averaged tolerance limit for coral reefs is an Ωa of 2.82, indicating that corals at this site live below the threshold commonly reported in the literature (Guan et al., 2015).


Despite these adverse conditions and frequent riverine influence, especially during the rainy season in the latter half of the year (Giraldo et al., 2008, 2011), Pocillopora spp. persist and even dominate the area (Zapata, 2001; Acosta et al., 2007; Lizcano-Sandoval et al., 2018). Previous studies have shown that Pocillopora spp. in GNNP can maintain growth rates (Lizcano-Sandoval et al., 2018) and tolerate hypoxia, low salinity, and temperature fluctuations by reducing reproductive output rather than growth (Castrillón-Cifuentes et al., 2023a, 2023). This suggests that these corals are either locally adapted or possess a degree of physiological tolerance to low pH, salinity, and Ωa. Similar findings from the Pearl River Estuary in Southeast China indicate that long-term hypo-salinity acclimation can enhance the tolerance of Pocillopora spp. to low salinity by reducing energy consumption, slowing metabolism, improving the energy metabolism of their symbiotic algae (Symbiodiniaceae), and altering their symbiotic bacterial communities to avoid bleaching (Chen et al., 2024). Nevertheless, Pocillopora spp. corals at Gorgona Island exhibit lower calcification rates (3.16 g CaCO3 cm-2 yr-1; Lizcano-Sandoval et al., 2018) compared to those reported in other reef systems, such as Panama (5–6 g CaCO3 cm-2 yr-1; Manzello, 2010) and Mexico (2.99–6.02 g CaCO3 cm-2 yr-1; Medellín-Maldonado et al., 2016; González-Pabón et al., 2021; Tortolero-Langarica et al., 2022). To establish a more robust correlation between the carbonate system and calcification rates in Pocillopora spp. at GNNP, future research efforts should prioritize in situ measurements of TA, dissolved oxygen, and direct calcification assessments (e.g., via buoyant weight or alkalinity anomaly techniques) on a 24-h scale during both rainy and dry seasons, to better quantify metabolic dynamics and clarify the adaptive capacity of this species under adverse environmental conditions.


In addition, future research should prioritize high-frequency measurements of pH, nutrient concentrations, and stable isotopes across diurnal, seasonal, and interannual timescales. These efforts should encompass both rainy and dry seasons and different ENSO phases, such as El Niño and neutral conditions, to better distinguish water sources in the region and assess the influence of these temporal scales on carbonate chemistry variability.







5 Conclusions


The natural variability of the Ocean Acidification on 24-hour and daily scales and during 56 days at El Muelle reef, Colombian Pacific, Gorgona Island, was assessed in a fixed station using high-resolution measurements of seawater pHT, salinity, and temperature taken every three hours during a year with a strong La Niña event and extreme precipitation months. The prolonged 2020–2023 La Niña event amplified rainfall and freshwater discharges from the Guapi River, establishing a Type 2 RIOMar (river-marine) system dominated by high-energy tidal dynamics and intense river-sea mixing. This freshwater influx likely contributed to localized declines in seawater pHT. Concurrently, the southward migration of the ITCZ triggered persistent cloud cover and strong southwesterly winds, attenuating solar radiation and lowering both sea surface temperatures and pHT. Enhanced rainfall within the RIOMar system further diluted the surface layer, progressively reducing salinity and TA, thereby diminishing the system’s buffering capacity against carbonate chemistry fluctuations. Biological processes such as photosynthesis and respiration shaped pronounced diurnal patterns within the 24-hour cycles, driving decreased and increased pH, pCO2w, and DIC. These results highlight the substantial and high-frequency variability of pH and acidification conditions formed by the heavy rainfall and runoff that characterize this Pacific Colombian region. Therefore, we strongly recommend implementing long-term monitoring programs (COCAS Ocean Decade Project) to support acidification impact studies and adaptive management and conservation efforts within this National Natural Park.
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Coastal zones are key players in the global carbon cycle, yet the temporal dynamics of their carbonate system, particularly in tropical rhodolith habitats, remain understudied. This study assessed seasonal and spatial variability in carbonate chemistry in Gairaca Bay, a protected tropical bay within Tayrona National Natural Park, Colombian Caribbean. Sampling was conducted in 2023–2024 across three habitats: a rhodolith bed (1, 7, 15 m depth), the bay entrance (outer bay, 10 m depth), and a shallow sandy-bottom area (inner bay, 1 and 6 m depths). Temperature, salinity, and total scale pH (pHT) were measured in situ; total alkalinity (TA) was determined via open-cell titration, and dissolved inorganic carbon (DIC), pCO2, bicarbonate (HCO3
-), carbonate (CO3
2-), and aragonite saturation state (Ωarag) were calculated. Seasonal and spatial patterns were analyzed using PERMANOVA. Significant seasonal differences were found in temperature (F = 248.42, p < 0.05), salinity (F = 49.02, p < 0.05), TA (F = 7.65, p < 0.001), and DIC (F = 2.54, p < 0.001), with no significant variation among sites or depths. Upwelling periods were cooler and saltier (25.9 ± 1.14 °C; 34.48 ± 0.46), with elevated TA and DIC, and slightly lower pHT and Ωarag. Non-upwelling periods were warmer (30.0 ± 0.76 °C), less saline (33.36 ± 0.28), and had higher pHT and Ωarag. Seasonal delta analysis indicated greater variability during non-upwelling, linked to enhanced freshwater discharge. The outer bay showed the highest variability in pHT and Ωarag, while the inner bay was most stable for TA and DIC. The rhodolith bed bottom exhibited high TA variability but stability in pHT and Ωarag, especially during non-upwelling. Seasonal processes, including upwelling and freshwater inputs, drive carbonate system variability in Gairaca Bay. The stability of pHT and Ωarag in the rhodolith bed bottom suggests a potential role as a biogeochemical refuge in acidification-prone tropical environments.





Keywords: carbonate chemistry, upwelling, rhodolith beds, tropical coastal ecosystems, runoff








1 Introduction


The coastal marine carbonate system is increasingly recognized as critical components of the global carbon cycle, particularly in light of ongoing climate change and ocean acidification (Martin and Hall-Spencer, 2017; Padin et al., 2020). Although coastal ecosystems occupy a relatively small fraction of the ocean’s surface, they contribute disproportionately to marine primary production, fisheries, and biodiversity, supporting essential ecosystem services (Doney et al., 2012; Silbiger and Sorte, 2018). In 2013, demersal and pelagic fisheries yielded approximately 2 × 1010 kg and 8 × 109 kg of catch, respectively, together accounting for 28% of global fish production (Lu et al., 2018). These habitats also excel at carbon sequestration, salt marshes, mangroves, and seagrasses store more carbon per unit area than most terrestrial forests (Lu et al., 2018). Consequently, developing a comprehensive understanding of natural carbonate chemistry dynamics in coastal systems is essential for predicting their resilience to future environmental change (Pedersen et al., 2024).


Within tropical coastal zones, the interplay between physical, chemical, and biological processes generates high spatial and temporal variability in carbonate system parameters (Roberts et al., 2021; García-Ibáñez et al., 2024). Seasonal drivers, such as coastal upwelling and freshwater inflows, exert a influence on carbonate chemistry by modulating temperature, salinity, dissolved inorganic carbon (DIC), and total alkalinity (TA) (Ricaurte-Villota et al., 2025). Despite their importance, tropical upwelling systems remain understudied compared to their temperate counterparts, limiting our understanding of their natural variability and resilience.


Upwelling processes, which transport cold deeper nutrient-rich waters to the surface, can alter coastal carbonate chemistry. These changes include reductions in pH and aragonite saturation state (Ωarag) associated with increased partial pressure of CO2 (pCO2), TA and DIC concentrations (Reum et al., 2016; Xiu et al., 2018; Gómez et al., 2023). However, the magnitude and consequences of these fluctuations can vary depending on regional oceanography, local biogeochemical processes, and climatic phenomena such as the El Niño–Southern Oscillation (ENSO) (Reithmaier et al., 2023).


In the Colombian Caribbean region, the North Atlantic Subtropical Underwater (SUW) enters the basin from the tropical Atlantic and becomes shallower along the continental slope, reaching depths of approximately 50 m near Santa Marta and Tayrona National Natural Park (TNNP) (Correa-Ramirez et al., 2020). Before reaching these coastal upwelling zones, the SUW mixes with fresher waters influenced by the Caribbean Coastal Countercurrent within the Panama-Colombia Gyre. This mixing reduces salinity and alter the carbonate chemistry and nutrient content of upwelled waters (Bayraktarov et al., 2012; Correa-Ramirez et al., 2020), ultimately impacting coastal ecosystems.


Gairaca Bay (TNNP), offers a unique setting to study the seasonal and interannual variability of carbonate system dynamics in a tropical upwelling-influenced environment. Seasonal upwelling events within the TNNP, deliver cooler, more saline, carbon-enriched waters to the bay, lowering pH and increasing DIC and TA, while during non-upwelling periods dominated by freshwater input, dilution effects elevate pH and reduce DIC and TA, creating contrasting biogeochemical conditions (Ricaurte-Villota et al., 2025). In TNNP, ENSO drives interannual variability, whereas seasonal changes are primarily influenced by coastal upwelling and freshwater discharge from the Magdalena River (Ricaurte-Villota et al., 2025).


Among the key habitats within Gairaca Bay are rhodolith beds, composed of free-living coralline algae, which were originally referred to as Lithothamnion meadows by Garzón-Ferreira and Cano (1991). These structures play vital ecological and biogeochemical roles, serving as biodiversity hotspots, stabilizing sediments, and significantly contributing to carbonate production in marine sediments (Foster, 2001; van der Heijden and Kamenos, 2015; Martin and Hall-Spencer, 2017). Unlike coral reefs, which are generally considered carbon sources, rhodolith beds can act as either carbon sinks or sources depending on species composition and environmental conditions (Schubert et al., 2024). Their resilience to extreme environmental conditions (Martin and Hall-Spencer, 2017) and capacity for photosynthesis and calcification make them potential buffers against local acidification (Riosmena-Rodríguez et al., 2017). Moreover, while mangroves are recognized as blue carbon sinks (Yong et al., 2011; Yeemin et al., 2024), rhodolith beds offer a complementary biogeochemical function. However, their ecological functionality may be threatened under future environmental scenarios due to projected changes in temperature, nutrient availability, and carbonate chemistry (McCoy and Ragazzola, 2014; Mccoy and Kamenos, 2015).


In this study, we analyzed carbonate system variability across three contrasting environments within Gairaca Bay: a rhodolith bed, the bay entrance (Outer bay), and a shallow sandy-bottom area (Inner bay). Our goals were to (i) characterize spatial and temporal patterns in carbonate system parameters (TA, DIC, pHT, pCO2, Ωarag) across these habitats; (ii) evaluate the influence of seasonal climatic phases (upwelling vs. non-upwelling) on the carbonate chemistry; and (iii) explore the potential role of rhodolith beds as a proxy for understanding local modulation of carbonate system dynamics under natural upwelling conditions.






2 Materials and methods





2.1 Study area


This study was conducted from March 2023 to July 2024 in Gairaca Bay, a protected bay located within TNNP, on the Caribbean coast of Colombia (11°15’33’’ N, 73°24’06’’ W) (
Figure 1
). The bay is situated between the eastern sector of Taganga and the Piedras River basin, and features diverse geomorphology including rhodolith beds, coral reefs, rocky shores, sandy beaches, shallow sandy-bottom areas, and a transitional zone at the bay’s entrance influenced by open ocean processes (
Figure 1
).


[image: Map showing Gairaca Bay in the Caribbean Sea near Tayrona National Natural Park, Colombia. Features include isobaths, the bay entrance, rhodolith bed, and coastal sandy area marked with red dots. A scale and a location inset are provided.]
Figure 1 | 
Map of Gairaca Bay within Tayrona National Natural Park, showing the sampling stations used for carbonate chemistry characterization. Depth contours (isobaths) are shown to illustrate the bathymetry of the bay.




The region experiences pronounced seasonal variability, modulated by the interplay of coastal upwelling, precipitation, and freshwater inflow (Bayraktarov et al., 2014) (Ricaurte-Villota et al., 2025). The local climate follows a bimodal seasonal pattern, with alternating wet and dry periods throughout the year. The rainy season typically extends from August to November, while the dry season occurs between December and April. During the dry season, intensified northeasterly trade winds promote upwelling of SUW with sea surface temperatures between 19–25 °C and salinities exceeding 36.5 (Paramo et al., 2011; Correa-Ramirez et al., 2020). In contrast, rainy season conditions are characterized by warmer surface waters (average 28.7 °C, reaching up to 30.3 °C) and reduced salinity (~34.7) due to increased freshwater input from the Magdalena river and local tributaries draining from the Sierra Nevada de Santa Marta (Arévalo-Martínez and Franco-Herrera, 2008; Bayraktarov et al., 2013; Alvarado-Jiménez et al., 2024) that alters salinity, total alkalinity (TA), and dissolved inorganic carbon (DIC) within the bay (Ricaurte-Villota et al., 2025). These seasonal changes in water mass properties are driven by the alternating dominance of coastal upwelling and fluvial inputs.


To further characterize the upwelled water mass, we used ARGO profiling float data to identify the presence of SUW in the offshore region of the Colombian Caribbean. The gridded distribution of potential temperature (θ) was derived from validated ARGO profiles (WOD code: 12; originator’s flag set to use = 12), collected in April 2024 approximately 200 km off the coast during oceanographic cruises. The figure was generated using the “Two Scatter Windows” tool in Ocean Data View (ODV) with gridded field interpolation enabled. SUW was identified by its characteristic high-salinity core (~37.16 ± 0.18) located at ~120 m depth (Correa-Ramirez et al., 2020). This thermohaline signature is consistent with SUW properties previously described for the western tropical Atlantic, supporting the notion that this water mass is the primary source of upwelled water in the region during the dry season (
Supplementary Figure SM_1
).






2.2 Sampling station selection and environmental variable collection


Three stations were strategically selected to represent different habitats and hydrodynamic conditions: A rhodolith bed located at the center of the bay (sampled at 1, 7, and 15 m depths), the outer bay at the entrance (10 m depth), and the inner bay, a shallow sandy-bottom zone near the beach (sampled at 1 and 6 m depths). The selection of the three sampling sites within Gairaca Bay, was guided by the objective of capturing environmental contrasts within a relatively small spatial scale, such as physical and oceanographic features related to depth, exposure to oceanic exchange, and proximity to terrestrial inputs (
Figure 1
).


At each station and depth, in situ measurements of temperature, salinity, and pH were taken immediately after sample collection. The pH on the total scale (pHT) was measured using a SI Analytics HandyLab 100 meter equipped with a WTW Sentix 41 pH electrode. The instrument had a resolution setting of 0.001 pH units (3 decimal places) and an accuracy of ≤ 0.005 pH ±1 digit. pH measurements were recorded in millivolts and later converted to pHT using the values of Tris buffer (Batch T41) and the in situ temperature, following standard operating procedures (Dickson et al., 2007). The electrode was calibrated monthly using NBS buffers (pH 4.01, 7.00, and 10.00), and during each calibration, the slope was checked and consistently exceeded 97%, indicating a near-Nernstian response (Dickson et al., 2007). Dissolved oxygen was measured in situ using a WTW Oxi 3310 meter, with a manufacturer-reported accuracy of ≤ 0.1 K ±1 digit. Salinity and conductivity were measured using an SI Analytics HandyLab 200 meter, with an accuracy of ≤ 0.5% of the measured value ±1 digit. These measurements were taken immediately after water sample collection at each station and depth to ensure reliable representation of ambient conditions. Additionally, 500 mL seawater samples were collected monthly either by SCUBA diving or using a 7-liter Niskin bottle. Samples for TA analysis were preserved with saturated mercuric chloride to prevent chemical alterations. All samples were transported to the Water Quality Laboratory at the University of Magdalena and stored at temperatures below 17 °C until further analysis.


Precipitation data for the study period were obtained from the Institute of Hydrology, Meteorology, and Environmental Studies (IDEAM), using records from the Simón Bolívar Airport station near Gairaca Bay. Wind speed and wind direction data were retrieved from the Copernicus product Global Ocean Hourly Sea Surface Wind and Stress, with a spatial resolution of 0.125° (DOI: 10.48670/moi-00305). Continuous temperature monitoring was performed in situ at the rhodolith bed (15 m depth) using an Onset HOBO UA-002–64 data logger, programmed to record every 2 hours.


All nutrient analyses were performed following the methodology described by Garay et al. (2003). Dissolved inorganic nutrient concentrations were determined using standard colorimetric techniques. Ammonium (NH4
+) was quantified using the indophenol blue method, which involves its reaction with phenol and sodium nitroprusside in an alkaline medium in the presence of hypochlorite. Nitrite (NO2
-) was measured via diazotization, using sulfanilamide and N-(1-naphthyl) ethylenediamine as reagents. Nitrate (NO3
-) was first reduced to nitrite using a cadmium column activated with copper sulfate and then analyzed using the same procedure as for nitrite. Inorganic phosphate (PO4
3-) was quantified using the molybdenum blue method, employing a reagent mixture of ammonium heptamolybdate, ascorbic acid, sulfuric acid, and potassium antimonyl tartrate. Absorbance measurements were performed using a UV-Vis spectrophotometer, with wavelengths ranging from 543 to 885 nm depending on the nutrient analyzed.






2.3 Sample analysis and carbonate system calculations


TA was determined via open-cell potentiometric titration with 0.1 mol L-1 hydrochloric acid buffered in 0.6 mol L-1 NaCl (Certified Reference Material - CRM, Dickson Laboratory, Batch 205), following the Remarco protocol (Bernal et al., 2021). The titration’s analytical accuracy was monitored using the CRM with an uncertainty of ±10 µmol kg-1.


Using the measured TA and pHT values, additional carbonate system parameters, dissolved inorganic carbon (DIC), partial pressure of carbon dioxide (pCO2), bicarbonate (HCO3
-) and carbonate ions (CO3
2-), and saturation state for calcite (Ωcal) and aragonite (Ωarag), were calculated using the Excel-CO2SYS software version 2.5 (Pierrot et al., 2006). Dissociation constants K1, K2 were taken from (Mehrbach et al., 1973) refit by (Dickson and Millero, 1987), KHSO4 by (Dickson, 1990) and boron concentration following (Lee et al., 2010).






2.4 Data analysis: temporal and spatial variability of environmental and carbonate system variables


Trends in sea surface temperature, wind velocity, and precipitation were analyzed through time series plots to identify fluctuations associated with different climatic phases (upwelling, non-upwelling, transition pre-upwelling, and transition post-upwelling). Climatic classifications were based on temporal patterns of these environmental drivers.


Descriptive statistics compiling the mean ± standard deviation values of carbonate system variables such as TA, DIC, pHT, Ωarag, and CO3
2- were done per site, climatic season, and year (2023–2024). To illustrate the relative temporal deviations in the carbonate system (increases or decreases of the carbonate variables over the study time), minimum and maximum seasonal deltas (Δ - deviations from the mean) were calculated for TA, DIC, Salinity, and Ωarag across the rhodolith bed bottom, outer bay, and inner bay sites for each climatic season in 2023 and 2024.


Deltas (Δi) were computed as:
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Where 

X
i


 is the observed value and 


X
¯



 is the overall mean of each variable, calculated using all available observations across sites, seasons, and years. The mean was chosen as the reference value to center the data around a consistent baseline, facilitating the comparison of variability across sites and time frames. This method allowed for the identification of relative increases or decreases in carbonate system parameters with respect to their average behavior.


Sectional plots of each parameter were then generated in Ocean Data View (ODV) using the Gridded Field option with DIVA gridding, with sampling date (month–year) on the X-axis, depth (m) on the Y-axis, and parameter concentration on the Z-axis. To enhance interpretability, the X-axis scale was set to 50 and the Y-axis scale increased to 350 ‰, a vertical extrapolation of ± 0.5 m was applied, and contour lines were added to highlight gradients throughout the water column.


PERMANOVA was performed to detect differences in the carbonate system parameters (TA, DIC, pCO2, Ωcal, Ωarag, pHT, salinity) among sites, depths, and seasons. A Euclidean distance matrix was computed using standardized data with the vegdist function (vegan package, R version 4.3.2). PERMANOVA was performed using the adonis2 function, with 9,999 permutations and type II sums of squares. The homogeneity of multivariate dispersion was tested using the betadisper function and confirmed by ANOVA (p > 0.05).


To assess the predictive capacity of temperature on carbonate system variables, we fitted both simple and multiple linear regression models to estimate dissolved inorganic carbon (DIC, µmol kg-1) and partial pressure of CO2 (pCO2, µatm). The analysis used discrete in situ data collected from three representative sites within Gairaca Bay: rhodolith bed bottom, inner bay and outer bay. The following models were applied:


Simple regression model for DIC:



D
I
C
=
a
.
T
e
m
p
+
b





Simple regression model for pCO2:
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Multiple regression model for pCO2:
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Model fitting was conducted in R using the lm () function. Model performance was assessed using the coefficient of determination (R²) and root mean square error (RMSE).


An additional PERMANOVA was performed between seasons at the rhodolith bed bottom site. SIMPER analyses were carried out to identify the contribution of individual variables to the observed dissimilarities between seasons, with 9,999 permutations. Spearman’s rank correlation was used to assess relationships between environment and carbonate system variables (T°C, pCO2, CO3
2-, salinity, pHT, DIC, Ωarag) and nutrient concentrations (ammonium - NH4
+, nitrate - NO3
-, nitrite - NO2
-, and phosphate - PO4
3-) at the rhodolith bed bottom. All statistical analyses were performed in RStudio (version 2024.12.1 Build 563; Posit Software, PBC, 2025), using the packages vegan (Oksanen et al., 2025), ggplot2 (Wickham, 2016), car (Fox et al., 2024) (Fox and Weisberg, 2019), dplyr (Wickham et al., 2023a), and tidyr (Wickham et al., 2023b).







3 Results





3.1 Descriptive analysis of environmental variables


Seasonal and spatial variability in discrete in situ measurements of temperature, salinity, and dissolved oxygen was evident across the main sampling sites and depths in Gairaca Bay between March 2023 and July 2024. At the rhodolith bed bottom (15 m depth), temperatures ranged from 26.2 °C during upwelling (March 2024) to 30.5 °C in the post-upwelling transition (June 2024), with salinity between 33.5 and 35.9 and oxygen concentrations inversely correlated with temperature (3.50–7.28 mg·L-1). At the inner bay (6 m depth), temperatures varied from 27.0 to 30.8 °C, salinity ranged from 33.0 to 35.9, and oxygen concentrations declined from a peak of 7.93 mg·L-1 (March 2023) to 4.03 mg·L-1 (October 2023). The outer bay (10 m depth) showed intermediate conditions, with temperatures between 26.4 and 30.5 °C, salinity from 32.7 to 35.8, and dissolved oxygen following the seasonal temperature pattern (3.51–7.67 mg·L-1) (
Table 1
). Additional in situ data from 1 m and 7 m depths at the rhodolith bed, and from 1 m depth at the inner bay, are presented in 
Supplementary Material
 (
Supplementary Table SM_1
).



Table 1 | 
Monthly summary of carbonate system parameters (e.g., pHT, TA, DIC, Ωarag, CO3
2-) and in situ environmental variables (temperature, salinity, dissolved oxygen) across sites and depths (Rhodolith bed: 15 m, Inner bay: 6 m, Outer bay: 10 m) in Gairaca Bay, categorized by climatic season.





	Site/year-month

	Season

	TA 
(µmol kg -1)

	phT


	DIC 
(µmol kg -1)

	Ωarag


	CO3 
(µmol kg -1)

	Salinity

	Temperature °C

	O2 mg·L-1







	Rhodolith bed bottom (15 m depth)




	2023-3
	Upwelling
	2469.30
	7.99
	2166.24
	3.55
	220.51
	34.50
	27.20
	7.04



	2023-4
	Upwelling
	2411.50
	7.99
	2115.74
	3.46
	214.33
	34.00
	27.40
	4.37



	2023-5
	Transition post-upwelling
	2376.80
	7.97
	2089.15
	3.38
	208.17
	34.00
	28.30
	5.64



	2023-6
	Transition post-upwelling
	2357.80
	7.94
	2080.12
	3.24
	200.22
	35.00
	28.70
	7.28



	2023-7
	Transition post-upwelling
	2451.70
	8.00
	2138.33
	3.64
	226.14
	35.00
	27.70
	7.19



	2023-8
	Transition post-upwelling
	2295.90
	7.96
	2007.64
	3.41
	206.83
	33.50
	30.50
	6.26



	2023-9
	Non-upwelling
	2365.50
	8.02
	2036.28
	3.88
	235.66
	33.50
	29.90
	5.02



	2023-10
	Non-upwelling
	2287.30
	8.01
	1977.78
	3.60
	219.57
	33.60
	29.30
	4.17



	2023-11
	Transition pre-upwelling
	2375.80
	7.92
	2108.56
	3.14
	194.21
	35.00
	28.50
	4.63



	2023-12
	Transition pre-upwelling
	2446.40
	7.91
	2196.89
	3.00
	185.70
	34.20
	27.30
	4.04



	2024-1
	Upwelling
	2435.00
	7.92
	2175.97
	3.06
	190.66
	34.80
	26.90
	4.23



	2024-2
	Upwelling
	2372.00
	7.93
	2113.12
	3.06
	189.19
	34.20
	27.50
	4.99



	2024-3
	Upwelling
	2380.10
	7.94
	2125.23
	2.97
	185.98
	34.70
	26.20
	4.23



	2024-4
	Upwelling
	2358.10
	7.98
	2063.97
	3.37
	210.08
	35.10
	27.40
	4.67



	2024-5
	Transition post-upwelling
	2388.10
	8.00
	2075.15
	3.57
	222.85
	35.60
	28.00
	5.10



	2024-6
	Transition post-upwelling
	2355.90
	7.99
	2034.46
	3.70
	228.02
	35.30
	30.00
	3.50



	2024-7
	Transition post-upwelling
	2412.10
	7.89
	2150.61
	3.07
	191.16
	35.90
	28.80
	5.49



	Inner bay (6 m depth)




	2023-3
	Upwelling
	2420.20
	8.13
	2031.37
	4.42
	274.54
	34.50
	27.30
	7.93



	2023-4
	Upwelling
	2416.10
	7.98
	2124.03
	3.43
	212.15
	34.00
	27.50
	3.62



	2023-5
	Transition post-upwelling
	2436.40
	8.00
	2116.75
	3.73
	230.33
	34.70
	28.70
	5.20



	2023-6
	Transition post-upwelling
	2391.10
	7.98
	2095.02
	3.43
	213.03
	34.80
	27.80
	7.20



	2023-7
	Transition post-upwelling
	2457.60
	7.96
	2161.41
	3.49
	215.69
	34.90
	28.50
	6.50



	2023-8
	Transition post-upwelling
	2294.30
	7.95
	2006.03
	3.42
	206.87
	33.50
	30.80
	6.94



	2023-9
	Non-upwelling
	2317.00
	8.03
	1986.73
	3.86
	234.33
	33.60
	30.20
	6.32



	2023-10
	Non-upwelling
	2281.50
	7.99
	1970.95
	3.68
	221.30
	33.00
	31.20
	4.03



	2023-11
	Transition pre-upwelling
	2432.10
	7.98
	2133.12
	3.49
	216.44
	34.70
	27.60
	5.01



	2023-12
	Transition pre-upwelling
	2342.50
	7.86
	2123.33
	2.62
	162.96
	34.50
	27.00
	4.43



	2024-1
	Upwelling
	2365.20
	7.76
	2188.48
	2.25
	138.59
	34.20
	28.10
	4.50



	2024-2
	Upwelling
	2316.40
	7.91
	2071.33
	2.88
	178.40
	34.50
	27.70
	4.66



	2024-3
	Upwelling
	2422.20
	7.85
	2192.47
	2.77
	172.00
	35.20
	28.10
	4.86



	2024-4
	Upwelling
	2371.10
	8.00
	2054.55
	3.61
	224.67
	35.50
	28.20
	4.91



	2024-5
	Transition post-upwelling
	2288.20
	7.92
	2020.34
	3.17
	193.08
	34.00
	30.40
	4.32



	2024-6
	Transition post-upwelling
	2371.30
	7.89
	2113.71
	3.01
	187.25
	35.90
	28.70
	5.48



	Outer bay (10 m depth)




	2023-3
	Upwelling
	2440.00
	7.97
	2152.81
	3.37
	209.43
	34.30
	27.20
	7.04



	2023-4
	Upwelling
	2399.20
	8
	2105.32
	3.43
	212.63
	33.90
	27.00
	3.46



	2023-5
	Transition post-upwelling
	2443.90
	8
	2127.37
	3.69
	228.46
	34.70
	28.30
	5.52



	2023-6
	Transition post-upwelling
	2431.80
	7.97
	2138.51
	3.41
	212.45
	35.00
	27.60
	6.88



	2023-7
	Transition post-upwelling
	2335.90
	8.03
	2019.29
	3.6
	223.81
	34.90
	27.50
	7.67



	2023-8
	Transition post-upwelling
	2457.60
	7.95
	2163.25
	3.55
	216.34
	33.60
	29.70
	5.61



	2023-9
	Non-upwelling
	2333.40
	7.95
	2046.94
	3.41
	206.97
	33.50
	30.10
	5.35



	2023-10
	Non-upwelling
	2320.50
	8.01
	2005.63
	3.75
	225.82
	32.70
	30.50
	3.87



	2023-11
	Transition pre-upwelling
	2335.00
	7.97
	2053.41
	3.23
	201.46
	34.90
	27.30
	4.78



	2023-12
	Transition pre-upwelling
	2478.00
	7.9
	2234.49
	2.92
	182.24
	34.60
	26.40
	4.58



	2024-1
	Upwelling
	2420.90
	7.91
	2159.99
	3.09
	191.64
	35.00
	28.10
	5.00



	2024-2
	Upwelling
	2330.80
	7.96
	2058.48
	3.18
	196.49
	34.10
	27.90
	5.26



	2024-3
	Upwelling
	2435.80
	8.01
	2127.88
	3.56
	221.97
	34.70
	26.60
	4.73



	2024-4
	Upwelling
	2421.00
	7.99
	2122.72
	3.45
	215.07
	35.00
	27.10
	4.71



	2024-5
	Transition post-upwelling
	2363.20
	7.94
	2085.04
	3.21
	200.1
	35.40
	28.10
	5.02



	2024-6
	Transition post-upwelling
	2332.00
	7.94
	2045.35
	3.35
	205.41
	35.00
	30.10
	3.51



	2024-7
	Transition post-upwelling
	2388.20
	7.88
	2135.68
	2.97
	184.81
	35.80
	28.80
	4.93










Mean wind speeds and water temperatures (the latter continuously measured with a HOBO sensor at the rhodolith bed bottom) exhibited a clear seasonal pattern influenced by climatic and oceanographic processes. Unless otherwise noted, all mean values are presented with their corresponding standard deviations (mean ± SD). In 2023, water temperature and wind speed exhibited marked seasonal variability associated with the upwelling season. The lowest mean water temperature was observed in March (24.73 ± 0.66 °C), corresponding to the peak of the upwelling season, while the highest was recorded in June (28.67 ± 0.98 °C), followed by a slight decrease in July (28.14 ± 0.60 °C), reflecting the transition out of the upwelling phase. Wind speeds during this period peaked in July, reaching a monthly average of 7.80 ± 1.62 m·s-1, with a maximum of 10.28 m·s-1. The lowest wind speeds occurred in May and June, with daily minima of 2.04  m·s-1 and 1.69  m·s-1, respectively, indicating a relaxation phase before re-intensification (
Figure 2
).


[image: Line graph showing temperature and wind speed from March 2023 to June 2024. Temperature, in red, ranges from 22°C to 31°C; wind speed, in blue, ranges from 1.5 to 13.5 meters per second. Background colors indicate upwelling, non-upwelling, and transition phases.]
Figure 2 | 
Average monthly wind speed and water temperature at the study site. Temperature was recorded in situ at the rhodolith bed (15 m depth) using HOBO data loggers.




In 2024, the seasonal pattern remained consistent, but wind speeds were generally stronger and temperatures slightly higher during the post-upwelling transition. The highest mean wind speed was observed in January (10.06 ± 1.16 m·s-1), and high wind activity persisted through February to April (means between 8.30 and 8.53 m·s-1), with peak gusts exceeding 13 m·s-1 in February (
Figure 2
). As wind strength declined in May (5.83 ± 1.97 m·s-1), water temperatures rose to a maximum monthly mean of 27.95 ± 0.44 °C, marking the post-upwelling transition. The coldest daily temperature in 2024 was 23.27 °C, recorded in January, slightly earlier than in 2023.


Wind direction also followed a seasonal pattern, with prevailing northeasterly and easterly winds during upwelling months (January to March and December), reinforcing the wind-driven upwelling dynamics. In contrast, during transitional and non-upwelling periods, wind direction became more variable, with increased frequencies from the southeast, south, and southwest, indicating a weakening of the trade wind system and reduced upwelling potential (
Supplementary Figure SM_2
).


Precipitation in 2023 showed a pronounced seasonal pattern influenced by the upwelling season and associated climatic transitions. During the upwelling season (March to April) only 0.1 mm of rain was recorded on a single day in March, and a moderate onset of rainfall in April, for a total of 81.9 mm over 3 rainy days, with a peak of 54.1 mm. During the post-upwelling transition (May to July), rainfall initially decreased to 12.8 mm in May, but increased considerable in June, reaching 175.6 mm, with an extreme event of 102.4 mm on a single day. Rainfall decreased again in July to 51.1 mm, although distributed over 13 rainy days. In 2024, the first quarter of the year was extremely dry, with only 0.4 mm of rain in February. A slight increase occurred in April (5.9 mm) and May (6.8 mm), with isolated light rain events. June, marked the onset of the rainy season, with 126.9 mm, including 7 days with rainfall exceeding 5 mm, and a maximum daily value of 43.0 mm. In July, rainfall was 72.2 mm, although concentrated in fewer events, with one day of heavy rainfall peaking at 63.1 mm (
Figure 3
).


[image: Graph showing daily precipitation in millimeters from March 2023 to July 2024. It is divided into seasons: upwelling, transition post-upwelling, non-upwelling, and transition pre-upwelling, each marked by colored backgrounds. Precipitation peaks in April 2023 and June 2024.]
Figure 3 | 
Seasonal precipitation trends in the area near Gairaca Bay during 2023 and 2024.








3.2 Carbonate system dynamics


A summary of carbonate system variables and in situ environmental parameters across the three main sites, rhodolith bed bottom (15 m), inner bay (6 m), and outer bay (10 m), is shown in 
Table 1
. A full dataset including additional depths and sites (e.g., rhodolith bed surface (1 m depth) and midwater (7 m depth), inner bay surface (1 m depth)) is provided in 
Supplementary Material
 (
Supplementary Table SM_1
).


The seasonal averages and standard deviations reported below were calculated from the raw data presented in 
Table 1
 and 
Supplementary Table SM_1
. For clarity and synthesis, values were grouped by site and climatic period (upwelling, non-upwelling, and transitional seasons), to better describe temporal variability across the study period.


Temporal variations were observed in the main physicochemical parameters and carbonate system variables in Gairaca Bay from April 2023 to July 2024. Total alkalinity (TA) exhibited higher values during the upwelling season in both years, reaching 2427.95 ± 29.4 μmol kg-1 in 2023 at the rhodolith bed bottom (
Table 1
) (
Figure 4
). In 2024, the highest TA was recorded at the outer bay, with 2377.46 ± 35.2 μmol kg-1 (
Supplementary Figure SM_7A
). In contrast, the lowest TA values occurred during the non-upwelling season at the inner bay (1 m depth) in 2023 (2316.3 ± 37.0 μmol kg-1), reflecting the influence of less alkaline surface waters over sandy bottoms (
Supplementary Figure SM_5A
).


[image: Six contour plots (A-F) display oceanographic data changes over time from March 2023 to July 2024. Panel A shows Total Alkalinity, B displays Dissolved Inorganic Carbon, C illustrates Salinity, D shows pH, E represents Aragonite, and F demonstrates Carbonate Ion concentration. Each plot utilizes a color gradient to indicate varying values, with scales provided on the right. Labels and contour lines highlight specific data points across the timeline.]
Figure 4 | 
Monthly and interannual variation of carbonate system parameters at the rhodolith bed bottom. Panels show: (A) total alkalinity (TA, µmol kg-1), (B) dissolved inorganic carbon (DIC, µmol kg-1), (C) salinity, (D) pHT (total scale), (E) aragonite saturation state (Ωarag), and (F) carbonate ion concentration (CO3
2-, µmol kg-1).




The total pH (pHT) showed a seasonal pattern consistent with TA fluctuations. The highest values were recorded during the non-upwelling season in 2023 at the rhodolith bed midwater (7 m depth), averaging 7.99 ± 0.03 (
Supplementary Table SM_1
; 
Supplementary Figure SM_4
). A decrease in pHT was observed during the upwelling season, particularly in 2024, when the lowest value (7.94 ± 0.05) was recorded at the inner bay at 6 m depth (
Table 1
; 
Supplementary Figure SM_6
). However, overall variations in this variable across sites and seasons were relatively small, indicating a general stability of the carbonate system’s pH throughout the study period.


Dissolved inorganic carbon (DIC) showed the highest concentrations during the pre-upwelling transition in 2023 at the outer bay (2134.05 ± 46.5 μmol kg-1), and during upwelling at the rhodolith bed bottom in both years (2122.60 ± 40.7 μmol kg-1 in 2023 and 2109.86 ± 40.9 μmol kg-1 in 2024) (
Table 1
).


Salinity exhibited both spatial and interannual variability. In 2023, the lowest salinity values were recorded at the inner bay (1 m depth) during the non-upwelling season (33.36 ± 0.29) (
Supplementary Table SM_1
; 
Supplementary Figure SM_5C
). In contrast, in 2024, salinity increased significantly at the rhodolith bed midwater, reaching 35.17 ± 0.97 during the post-upwelling transition season (
Supplementary Table SM_1
; 
Supplementary Figure SM_4C
).


The aragonite saturation state (Ωarag) exhibited a seasonal pattern similar to pHT. In 2023, the highest Ωarag values were recorded at the rhodolith bed surface during the non-upwelling season (3.65 ± 0.17) (
Supplementary Table SM_1
; 
Supplementary Figure SM_3E
). However, a general decline in Ωarag was observed across all sites in 2024, with the most pronounced decrease at the inner bay (6 m depth) during the upwelling season (average 3.13 ± 0.31), representing the lowest value recorded during the study (
Table 1
; 
Supplementary Figure SM_6E
).


The carbonate ion concentration (CO3
2-) showed pronounced seasonal and between year variability. In 2023, the highest average CO3
2- concentration was recorded at the inner Bay (6 m depth) during upwelling (274.54 ± 22.1 µmol kg-1) (
Supplementary Figure SM_6F
). Conversely, in 2024 at the same site and season, the lowest values were observed, averaging 138.59 ± 19.5 µmol kg-1. Overall, CO3
2- concentrations tended to be higher during non-upwelling and transitional periods, and lower during upwelling events, particularly in 2024 across most sites (
Table 1
; 
Supplementary Table SM_1
).







3.3 Seasonal and spatial variability of carbonate system


Seasonal deltas, calculated as deviations from the mean, revealed interannual and spatial variability in carbonate system variables across the three sites: rhodolith bed bottom (15 m depth) (
Figure 5
), inner bay (6 m depth) (
Figure 6
), and outer bay (10 m depth) (
Figure 7
). In 2023, the strongest deviations were observed at rhodolith bed bottom, ΔTA reaching a maximum delta of +92.5 µmol kg-1 during upwelling and a minimum of –89.5 µmol kg-1 during non-upwelling (
Figure 5A
). Similar but less pronounced patterns were detected in 2024, with ΔTA ranging from +58.2 to –20.9 µmol kg-1. At inner bay, ΔTA in 2023 ranged approximately from –27.7 to +88.7 µmol kg-1, while in 2024 the spread was narrower (
Figure 6A
). Outer bay showed more moderate fluctuations across both years, with most ΔTA values remaining within approximately ±45 µmol kg-1 (range: −71 to 85 µmol kg-1) (
Figure 7A
).


[image: Bar graphs illustrating various changes in a rhodolith bed bottom from March 2023 to July 2024. Graph A shows delta TA, B shows delta DIC, C shows delta salinity, D shows delta pH_T, and E shows delta Ω_arag. Color coding indicates upwelling, transition post-upwelling, non-upwelling, and transition pre-upwelling periods. Changes are displayed with different bar colors: blue for upwelling, pink for transition post-upwelling, orange for non-upwelling, and green for transition pre-upwelling.]
Figure 5 | 
Seasonal deltas for carbonate system variables measured in Gairaca Bay between 2023 and 2024 at rhodolith bed bottom (15 m). Panels show: (A) total alkalinity (TA), (B) dissolved inorganic carbon (DIC), (C) salinity, (D) total pH (pHT), and (E) saturation state aragonite (Ωarag).




[image: Five bar charts labeled A to E depict changes in total alkalinity, dissolved inorganic carbon, salinity, pH, and omega aragonite in the Inner Bay from March 2023 to July 2024. Each chart shows data categorized by upwelling, transition post-upwelling, non-upwelling, and transition pre-upwelling, represented by blue, pink, yellow, and green bars respectively. The x-axis represents months, while the y-axis varies by chart, indicating specific measurement changes.]
Figure 6 | 
Seasonal deltas for carbonate system variables measured in Gairaca Bay between 2023 and 2024 at inner bay (6 m). Panels show: (A) total alkalinity (TA), (B) dissolved inorganic carbon (DIC), (C) salinity, (D) total pH (pHT), and (E) saturation state aragonite (Ωarag).




[image: Five bar charts depict changes in the outer bay. Chart A shows changes in total alkalinity, B in dissolved inorganic carbon, C in salinity, D in pH, and E in omega aragonite from March 2023 to July 2024. Different colored bars represent upwelling, transition post-upwelling, non-upwelling, and transition pre-upwelling periods.]
Figure 7 | 
Seasonal deltas for carbonate system variables measured in Gairaca Bay between 2023 and 2024 at outer bay (10 m). Panels show: (A) total alkalinity (TA), (B) dissolved inorganic carbon (DIC), (C) salinity, (D) total pH (pHT), and (E) saturation state aragonite (Ωarag).




ΔDIC at rhodolith bed bottom showed the widest range in 2023, peaking at +88.3 µmol kg-1 during the transition pre-upwelling and dropping to –130.8 µmol kg-1 during non-upwelling. In 2024, ΔDIC remained high, with values between +67.4 and –74.1 µmol kg-1 (
Figure 5B
). At inner bay, ΔDIC in 2023 followed a similar pattern but did not reach the same extremes, with the most negative value (−115.89 µmol kg-1) recorded in October during the non-upwelling season. In 2024, the variation decreased overall, although a maximum positive ΔDIC of 105.62 µmol kg-1 was observed during the upwelling season (
Figure 6B
).


The general behavior of salinity across the three sites shows a decreasing trend during the non-upwelling season, especially at outer bay and rhodolith bed bottom. In 2023, rhodolith bed bottom showed the strongest salinity deviations, reaching –1.08 during the wet season and +0.42 during the transition post and pre-upwelling (
Figure 5C
). These patterns persisted in 2024 with similar magnitude. At inner bay, the salinity deltas show a contrasting pattern between 2023 and 2024. In 2023, there was a slight decreasing trend in salinity (mean of -0.25), with a higher proportion of negative values. In 2024, however, a clear increasing trend was observed (mean of 0.41) (
Figure 6C
).


At the rhodolith bed bottom, ΔpHT values were generally negative during upwelling and positive during non-upwelling. In 2023, they ranged from −0.06 to +0.06, with peaks during the non-upwelling season. In 2024, the largest deviations occurred during the transition post-upwelling (−0.07 to +0.03), while changes during upwelling remained moderate (−0.04 to +0.02) (
Figure 5D
). At inner Bay, ΔpHT values in 2023 were mostly positive across all seasons, reaching up to +0.18 during upwelling and +0.08 during non-upwelling. However, negative values were observed during the transition pre-upwelling (as low as −0.09). In contrast, in 2024, ΔpHT values at inner bay were predominantly negative, particularly during the upwelling season, reaching as low as −0.19. During the transition post-upwelling, fluctuations were more moderate, ranging from −0.06 to +0.05 (
Figure 6D
). At outer bay, ΔpHT values in 2023 were mostly positive, with peaks during the transition post-upwelling (+0.06) and non-upwelling (+0.05) periods. In 2024, however, values exhibited greater variability, with a pronounced minimum of −0.09 during the transition post-upwelling and a maximum of +0.05 during upwelling. Overall, both positive and negative ΔpHT values remained within ±0.1 units across years (
Figure 7D
).


Ωarag deltas were generally lowest during upwelling and highest during non-upwelling across all sites. At the rhodolith bed bottom, 2023 showed the largest amplitude, with deltas ranging from −0.36 to +0.52, while 2024 displayed a slightly narrower and more negative range (−0.38 to +0.35) (
Figure 5E
). Inner bay exhibited a different pattern, with much greater variability. In 2023, deltas ranged widely from −0.71 to +1.09, and in 2024 the extremes were even more pronounced (−1.08 to +0.28), indicating fluctuations in carbonate saturation (
Figure 6E
). At outer bay, Ωarag remained relatively stable in both years, with deltas mostly contained between −0.44 and +0.38 in 2023 and between −0.39 and +0.19 in 2024 (
Figure 7E
).


Although no statistically significant differences were found between sites (PERMANOVA: R² = 0.04, F = 0.76, p = 0.66), the outer bay exhibited the greatest changes in DIC (Δ ≈ 229 µmol kg-1) and salinity (Δ = 3.1), whereas the inner bay showed the highest variability in pHT (Δ ≈ 0.37) and aragonite saturation state (ΔΩarag ≈ 2.18). Meanwhile, the rhodolith bed bottom recorded the largest variation in total alkalinity (ΔTA ≈ 182 µmol kg-1). Overall, DIC was the most variable parameter across all sites.






3.4 Seasonal variability in carbonate system parameters and contribution of key variables


PERMANOVA indicated no significant differences in carbonate system composition among sites or depths (p > 0.05). However, seasonal differences were detected between the non-upwelling and upwelling periods. The transition pre-upwelling season closely resembled the upwelling period. Significant seasonal variation was also observed for temperature (F = 248.42, p < 0.05), salinity (F = 49.02, p < 0.05), TA (F = 7.65, p < 0.00), and DIC (F = 2.54, p < 0.00). The SIMPER analysis identified the carbonate system variables contributing most significantly to seasonal dissimilarities. In the upwelling versus non-upwelling contrast, DIC (38.9%) and TA (28.6%) were the major contributors to observed differences, both statistically significant (p ≤ 0.05). Other variables such as salinity, aragonite saturation state (Ωarag), and calcite saturation state (Ωcal) contributed less than 0.4% (
Table 2
).



Table 2 | 
SIMPER analysis summary showing carbonate system variables contributing most significantly to differences between climatic seasons.





	Contrast

	Variable

	Contribution (%)

	P-value






	Upwelling vs non-upwelling
	DIC
	38.9
	***



	TA
	28.6
	**



	Salinity
	0.4
	**



	Ωcal

	0.2
	**



	Ωarag

	0.2
	**



	Transition post-upwelling vs non-upwelling
	DIC
	36.9
	*



	Salinity
	0.7
	***



	Non-upwelling vs transition pre-upwelling
	DIC
	39
	***



	pCO2

	34.6
	*



	TA
	25.6
	**



	Salinity
	0.4
	***



	Ωcal

	0.2
	***



	Ωarag

	0.2
	***



	pHT

	0.07
	*







Significance: ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05.




In the transition post-upwelling vs. non-upwelling comparison, DIC accounted for 36.9% of the dissimilarity (p = 0.03), while salinity contributed only 0.7% (p ≤ 0.00), despite its low explanatory power. In the non-upwelling versus transition pre-upwelling contrast, DIC again emerged as the dominant factor (39.0%, p ≤ 0.00), followed by pCO2 (34.6%, p = 0.01) and TA (25.6%, p = 0.00). Although salinity, Ωcal, Ωarag, and pHT contributed to the differences, their individual contributions were relatively small (
Table 2
). These results highlight the importance of DIC and TA in the seasonal differentiation of the carbonate system. However, the interaction between different variables can further modulate the variability of the carbonate system.






3.5 Factors driving carbonate system variability


The variability of the carbonate system cannot be explained solely by individual factors. Temperature explained 39% of DIC variability, showing a statistically significant relationship (R² = 0.39, p < 0.001) (
Figure 8A
). In contrast, no significant relationship was found between temperature and pCO2 (R² = 0.02, p = 0.32), indicating that temperature alone was not a good predictor of pCO2 variability in the study area (
Table 3
).


[image: Two scatter plots comparing observed versus predicted values. Plot A shows observed versus predicted DIC with R² = 0.4 and RMSE ≈ 48 micromoles per kilogram, indicating a wide scatter. Plot B shows observed versus predicted pCO₂ with R² = 0.96 and RMSE ≈ 17 microatmospheres, indicating close alignment along the diagonal line.]
Figure 8 | 
Observed versus predicted values for (A) DIC and (B) pCO2 in seawater samples from Gairaca Bay. (A) shows the simple linear regression between observed and predicted DIC using temperature as the sole predictor (R² = 0.04; RMSE ≈ 48 µmol kg-1). (B) presents the results of a multiple linear regression predicting pCO2 based on temperature, salinity, total alkalinity (TA), DIC, and the DIC: TA ratio (R² = 0.96; RMSE = 17 µmol kg-1). Dashed lines indicate the 1:1 relationship.





Table 3 | 
Simple linear regression models of temperature on carbonate system variables.





	Variable

	Formula

	R²

	RMSE (µmol kg-1 or µatm)

	Temp significance






	DIC
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	0.39
	49.0 µmol kg-1

	*** p < 0.001



	pCO2
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2

=
a
.
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p
+
b




	0.02
	90.1 µatm
	p = 0.32







***p ≤ 0.001.




When considering additional hydrochemical variables, the multiple regression model achieved a markedly improved fit for pCO2 (adjusted R² = 0.96, RMSE = 18.1 µatm) (
Table 4
; 
Figure 8B
). In this model, temperature, salinity, and the DIC/TA ratio emerged as significant predictors, whereas total alkalinity (TA) and DIC alone did not significantly contribute to the explained variance.



Table 4 | 
Multiple linear regression model predicting pCO2 from carbonate system variables.





	Predictor

	Estimate

	P-value






	Intercept
	-18618.5
	0.04 *



	Temp
	20.86
	<0.00 ***



	Salinity
	10.25
	0.02 *



	TA
	5.28
	0.15



	DIC
	-5.86
	0.16



	DIC/TA
	20339.4
	0.04 *







-Adjusted R²: 0.96; RMSE: 18.1 µatm.

***p ≤ 0.001, *p ≤ 0.05.








3.6 Carbonate system dynamics at the rhodolith bed bottom


At the rhodolith bed bottom site, the carbonate system parameters and salinity exhibited relatively stable average values, with notable seasonal variability (
Figure 4
). TA had a mean value of 2384.66 ± 49.87 µmol kg-1, ranging from 2287.30 to 2469.30 µmol kg-1 (
Figure 4A
), DIC averaged 2097.37 ± 60.64 µmol kg-1, with a range between 1977.78 and 2196.89 µmol kg-1 (
Figure 4B
) and salinity averaged 34.58 ± 0.73, fluctuating between 33.5 and 35.9 (
Figure 4C
). The pHT showed limited variability across seasons, with an overall mean of 7.96 ± 0.04. The maximum value (8.02) was recorded during the non-upwelling season in September 2023, while the minimum (7.89) occurred in July 2024 during the post-upwelling transition (
Figure 4D
). The Ωarag averaged 3.36 ± 0.28 (
Figure 4E
). The CO3
2- had a mean value of 211.38 ± 13.28 µmol kg-1, the highest concentration (235.66 µmol kg-1) was observed in September 2023 during the non-upwelling period, coinciding with elevated Ωarag and lower DIC values, while the lowest value (185.70 µmol kg-1) was observed in December 2023 during the pre-upwelling transition, when pCO2 peaked and Ωarag declined (
Figure 4F
).


PERMANOVA revealed statistically significant differences among seasons (F = 3.0596; p = 0.01). SIMPER analysis further identified the variables contributing most to these seasonal dissimilarities at the rhodolith bed bottom site. The transition post-upwelling vs. transition pre-upwelling comparison exhibited the strongest dissimilarities, with DIC (41.4%, p = 0.04) and TA (92.7%, p = 0.03) showing statistically significant differences. In the upwelling vs. transition post-upwelling comparison, the major contributors were Ωarag (34.7%) and Ωcalc (30.1%), followed by DIC (18.8%) and TA (6.7%) with no significant differences (p > 0.1). In the upwelling vs. non-upwelling contrast, DIC (19.6%), Ωarag (19.1%), and Ωcalc (18.3%) contributed most, followed by TA (16.8%), salinity (12.3%), and pCO2 (12.1%) with no statistically significant differences detected (p > 0.75).


Similarly, in the upwelling vs. transition pre-upwelling comparison, Ωcalc (31.7%), Ωarag (29.4%), and pCO2 (27.2%) were the dominant contributors without significant differences. The transition post-upwelling vs. non-upwelling comparison revealed salinity as the main contributor (21.6%), with no significant differences (p > 0.30), likewise, no significant differences were found between non-upwelling and transition pre-upwelling periods, despite salinity accounting for 100% of the observed dissimilarity (p = 0.80).






3.7 Nutrient dynamics and their relationship with carbonate chemistry at the rhodolith bed bottom site


The analysis of nutrient concentrations revealed clear seasonal and between year variation. Maximum nitrate concentrations were recorded in June 2023, reaching 0.08 mg·L-1. Regarding nitrite, the highest values were observed in July 2023 and April 2024, while the lowest concentration was recorded in December 2023 (0.03 mg·L-1). For ammonium, the highest concentration was detected in August 2023 (0.01 mg·L-1); however, from June to December 2023 and throughout 2024, ammonium levels were consistently below the detection limit. Phosphate concentrations also varied notably between years. In 2023, the highest concentration occurred in September (0.31 mg·L-1), whereas the lowest was measured in December (0.22 mg·L-1). In contrast, 2024 exhibited a significant increase, with a peak concentration of 0.39 mg·L-1 recorded in May; in all other sampled months, phosphate concentrations were below the detection limit (
Table 5
). Among the nutrient variables, a positive correlation was found between nitrite (NO2
-) and both CO3
2- (r = 0.59, p = 0.02) and Ωarag (r = 0.54, p = 0.04). Additionally, nitrate (NO3
-) was positively correlated with phosphate (PO4
3-) (r = 0.53, p = 0.04).



Table 5 | 
Monthly concentrations of dissolved inorganic nutrients at the rhodolith bed bottom in Gairaca Bay during 2023 and 2024.





	Year-month

	Season

	Ammonium 
(NH4
+, mg·L-1)

	Nitrate 
(NO3
-, mg·L-1)

	Nitrite 
(NO2
-, mg·L-1)

	Phosphate 
(PO4
3-, mg·L-1)






	2023-5
	Transition post-upwelling
	0.001
	0.043
	0.038
	0.310



	2023-6
	Transition post-upwelling
	<0.0001
	0.077
	0.042
	0.296



	2023-7
	Transition post-upwelling
	0.000
	0.056
	0.056
	0.287



	2023-8
	Transition post-upwelling
	0.010
	0.043
	0.036
	0.287



	2023-9
	Non-upwelling
	<0.0001
	0.068
	0.047
	0.315



	2023-10
	Non-upwelling
	<0.0001
	0.040
	0.037
	0.301



	2023-11
	Transition pre-upwelling
	<0.0001
	0.050
	0.036
	0.313



	2023-12
	Transition pre-upwelling
	<0.0001
	0.042
	0.031
	0.219



	2024-1
	Upwelling
	<0.0002
	0.023
	0.035
	<0.004



	2024-2
	Upwelling
	<0.0002
	0.012
	0.037
	<0.004



	2024-3
	Upwelling
	<0.0002
	0.048
	0.035
	<0.004



	2024-4
	Upwelling
	<0.0002
	0.001
	0.049
	<0.004



	2024-5
	Transition post-upwelling
	<0.0002
	0.015
	0.035
	0.390



	2024-6
	Transition post-upwelling
	<0.0002
	0.015
	0.038
	<0.004



	2024-7
	Transition post-upwelling
	<0.0002
	0.008
	0.046
	<0.004







Values are expressed in mg·L-1 for ammonium (NH4+), nitrate (NO3-), nitrite (NO2-), and phosphate (PO43-). Values below the detection limit are indicated with “<“.




Correlations between carbonate chemistry variables and nutrient concentrations at the rhodolith bed bottom site revealed strong internal coherence within the carbonate system, but weak associations with nutrient dynamics (
Figure 9
). Total alkalinity (TA) showed a strong positive correlation with dissolved inorganic carbon (DIC) (ρ = 0.91, p < 0.00), while DIC was also positively correlated with pCO2 (ρ = 0.67, p = 0.00) and negatively with pHT (ρ = –0.51, p = 0.04) and CO3
2- (ρ = –0.51, p = 0.04). Aragonite saturation state proxies (pHT and CO3
2-) were highly correlated with each other (ρ = 0.89, p < 0.00), and both were strongly and negatively correlated with pCO2 (ρ = –0.96 and –0.89, respectively, p < 0.00). Among the nutrients, only nitrite (NO2
-) showed a significant positive correlation with CO3
2- (ρ = 0.59, p = 0.02). All other correlations between nutrients (NH4
+, NO3
-, PO4
3-) and carbonate system variables were not statistically significant (p > 0.05). Temperature also exhibited significant relationships with carbonate parameters. It was negatively correlated with TA (ρ = –0.68, p = 0.00) and DIC (ρ = –0.74, p = 0.00), and positively correlated with Ωarag (ρ = 0.54, p = 0.02) (
Figure 9
).


[image: Correlation matrix heatmap depicting relationships between various marine chemistry parameters. Correlations range from -1 to 1, with red indicating positive correlations and blue negative correlations. Notable values include TA and pCO₂ at -0.96, Ωₐᵣₐg and CO₃²⁻ at 0.98, and Temp and Salinity at -0.74. P-values are provided for significance.]
Figure 9 | 
Spearman correlation matrix between carbonate system variables and nutrients at the rhodolith bed bottom site (n = 15). The color scale represents the strength and direction of the correlation coefficients (r), with blue indicating positive correlations and red indicating negative correlations. Blank cells indicate non-significant correlations (p > 0.05).









4 Discussion





4.1 Seasonal and spatial patterns of the carbonate system


This study highlights the significant influence of seasonal variability on carbonate chemistry in tropical coastal ecosystems, particularly those affected by upwelling. Our results show a clear connection between the non-upwelling season, characterized by the rainy period and increased runoff from the Magdalena River (Ricaurte-Villota et al., 2025), and significant fluctuations in the carbonate system parameters in Gairaca Bay. These patterns are comparable to those reported for Moorea reef flats (Kleypas et al., 2011) and suggest that continental runoff plays a central role in modulating water chemistry in Gairaca, setting it apart from other tropical coastal systems where oceanic upwelling exerts a more dominant influence (Sánchez-Noguera et al., 2018). Notably, freshwater inputs contribute substantially to the spatial variability of carbonate chemistry, reinforcing the importance of accounting for runoff in coastal biogeochemical assessments.


During upwelling peaks, DIC and TA increase, while pHT drops below 7.95 and Ωarag decreases to ~3.0, similar to conditions observed in the Gulf of Papagayo (Sánchez-Noguera et al., 2018). In contrast, the non-upwelling season reflects a diminished influence of cold, CO2-rich subsurface waters (Ricaurte-Villota et al., 2025), with pHT rising from 7.93–7.99 (upwelling) to 8.01–8.03 at sites such as the rhodolith bed surface and inner bay (
Table 1
; 
Supplementary Table SM_1
). This increase in pHT is accompanied by a decrease in DIC, which drops from 2115.77 µmol kg-1 in April 2023 (upwelling, inner bay) to around 1973.10 µmol kg-1 in October (
Table 1
). Similarly, TA shows a slight decline, such as at rhodolith bed surface, where it decreases from 2487.40 µmol kg-1 in March to 2268.00 µmol kg-1 in October (
Supplementary Table SM_1
). These changes are coupled with a decline in DIC, from 2115.77 µmol kg-1 in April (inner bay) to ~1973.10 µmol kg-1 in October, and a moderate decrease in TA, for example from 2487.40 to 2268.00 µmol kg-1 at the rhodolith bed surface. Conversely, Ωarag and CO3 concentrations increase during this period, reaching up to 3.88 and 235.66 µmol kg-1 at the rhodolith bed bottom, respectively.


Salinity also decreases (e.g., from 34.4 in March to 33.2 in October), while temperature rises to 30.5 °C, compared to 27.0–27.5 °C during upwelling. Dissolved oxygen concentrations tend to decline, as observed at the rhodolith bed bottom (from 7.04 to 4.17 mg·L-1). These warmer, fresher waters exhibit higher pHT and Ωarag, which thermodynamically lowers the energy barrier for CaCO3 precipitation (Mucci, 1983; Cyronak et al., 2016). Carbonate speciation under elevated pH shifts the equilibrium toward CO3
2-, enhancing local carbonate ion availability (Dickson and Millero, 1987).


The freshwater influx into Gairaca Bay during the rainy season results in a distinct carbonate chemistry response, differentiating it from systems like Papagayo, dominated by oceanic upwelling with minimal freshwater influence (Sánchez-Noguera et al., 2018), and Bocas del Toro, which experiences moderate terrestrial runoff (Pedersen et al., 2024). Gairaca is subjected to pronounced seasonal and interannual variability in runoff, particularly from the Magdalena River during the rainy, non-upwelling season. This input amplifies fluctuations in pHT, TA, DIC, and Ωarag, especially during periods of intense rainfall and river discharge, when upwelling is absent (
Table 1
, 
Figure 4
). Additionally, the Magdalena River transports organic matter and nutrients (Restrepo et al., 2006), whose remineralization can further alter DIC and pHT dynamics. Maximum runoff typically occurs from September to November, coinciding with weakened trade winds, enhanced coastal countercurrents, and the suppression of upwelling, thereby strongly influencing the carbonate system (Ricaurte-Villota et al., 2025). Although spatial variability in water chemistry exists within Bocas del Toro due to terrestrial runoff and benthic metabolism (Pedersen et al., 2024), Gairaca shows notably higher temporal variability driven by the strong seasonal freshwater inputs during the non-upwelling season. Nonetheless, the three sites evaluated within Gairaca Bay exhibit similar responses to these runoff and rainy conditions.


Spatial differences among the rhodolith bed bottom, inner bay, and outer bay sites were minimal, likely due to a generally well-mixed water column (see Section 4.3). However, the pronounced seasonal shifts highlight the interplay between oceanic and terrestrial influences, which may enable site-specific buffering mechanisms, such as localized photosynthesis or sediment-driven alkalinity release (Savoie et al., 2022; Ricaurte-Villota et al., 2025). These seasonal shifts in carbonate chemistry not only reflect oceanographic-terrestrial interactions but may also have significant implications for the physiological performance of calcifying organisms (Li et al., 2022).


Finally, it is important to consider the analytical uncertainty associated with TA and DIC measurements in this study, which is estimated at ±10 µmol kg-1. This level of precision corresponds to the “weather goal” defined by the Global Ocean Acidification Observing Network (GOA-ON), which is considered adequate for characterizing short-term variability and spatial gradients in coastal systems (Kortazar et al., 2020). Although not suitable for detecting long-term anthropogenic trends, this uncertainty is acceptable in highly dynamic environments like Gairaca Bay, where variability in TA and DIC often exceeded 100 µmol kg-1, ensuring that the observed patterns remain robust and interpretable.






4.2 Influence of seasonal variability and climatic conditions


During the study period, rainy days were recorded even during months that are typically dry, resulting in unusual hydrological conditions for that time of year (
Figure 3
). These unexpected rainfall events likely intensified freshwater inputs, leading to dilution effects, changes in salinity and alkalinity, and potential decoupling among carbonate system parameters. Elevated runoff may also have altered water column structure and enhanced biogeochemical fluxes, contributing to the variability observed in carbonate chemistry (Correa-Ramirez et al., 2020; Norzagaray et al., 2020; Cai et al., 2021; Reithmaier et al., 2023).


During the non-upwelling months, which coincide with the rainy season, Gairaca Bay exhibited reduced salinity, lower TA and DIC concentrations, and elevated pCO2 levels. These shifts likely resulted from increased remineralization and microbial respiration, stimulated by the influx of terrestrial organic matter during intense rainfall. In coastal ecosystems, remineralization refers to the breakdown of organic matter into inorganic constituents. This process, particularly when driven by microbial activity, generates CO2 and modifies porewater chemistry (Bayraktarov and Wild, 2014; Quintana et al., 2015; Cohn et al., 2024). However, the observed decrease in TA during the rainy season suggests that the dilution effect of freshwater inputs, which are typically low in TA, may outweigh any potential increase in TA from remineralization processes (Pedersen et al., 2024).


Terrestrial–marine interactions, especially those involving organic matter inputs from river discharge, mangroves, and seagrass meadows, are known to modulate carbonate chemistry in Caribbean coastal systems by altering TA and DIC concentrations (Meléndez et al., 2020; Pedersen et al., 2024). These biogeochemical dynamics are ecologically relevant for calcifying organisms such as corals and coralline algae, which are particularly sensitive to fluctuations in pH and carbonate saturation state (Martin and Hall-Spencer, 2017; Silbiger and Sorte, 2018). Increased freshwater runoff can suppress calcification and alter benthic community composition (Fabricius, 2005). However, rhodolith beds may partially buffer these effects by maintaining relatively stable micro-environmental conditions through photosynthesis, calcification, and microbial mediation (Isah et al., 2022).






4.3 Carbonate chemistry responses and delta patterns


Delta patterns revealed that climatic seasonality is a major driver of carbonate system variability across Gairaca Bay. Although statistically significant differences between sites were not detected, the magnitude of variation in parameters such as TA, DIC, Ωarag, and pHT, differed notably across seasons (
Figures 5
-
7
).


During the non-upwelling season, the variability between sampling locations was markedly higher for all measured parameters. TA showed the greatest inter-site difference, with a 90.7% relative difference, followed by pHT (83.2%), DIC (80.5%), and Ωarag (68.7%). These pronounced variations suggest that localized processes, such as freshwater input, biological activity, and water column stratification, exert greater influence under low-mixing conditions when upwelling is absent. The rhodolith bed bottom recorded the highest TA variability, while the outer bay exhibited the greatest fluctuations in DIC and pHT. Conversely, the inner bay consistently showed lower variability across most parameters during this period. These findings highlight the complex interplay of regional and local factors in shaping carbonate system dynamics in tropical coastal environments (Sánchez-Noguera et al., 2018; Norzagaray et al., 2020).


Consistent with these observations, temperature emerged as a key driver of DIC variability, due to its effects on solubility and biologically mediated processes such as calcification and respiration. Warmer temperatures generally reduce DIC solubility (Bakker et al., 1999), while biological processes are also temperature-dependent: enhanced respiration increases DIC concentrations, and decreased calcification reduces DIC uptake (Pedersen et al., 2024). In contrast, pCO2 was influenced by multiple interacting variables. The strong performance of the multiple linear model (R² = 0.96; RMSE ≈ 18 µatm) indicates that including salinity and the DIC/TA ratio significantly improves prediction accuracy, capturing the combined influence of freshwater input, mixing, and net community metabolism. Such complexity is typical in estuarine and coastal systems, where biogeochemical and physical drivers interact dynamically (Cai et al., 2021).


These findings emphasize that, while DIC dynamics are influenced by temperature, pCO2 is shaped by a broader suite of environmental factors, including carbonate equilibrium and the balance between DIC and TA, which determines buffering capacity and resistance to pH changes (Khan et al., 2020). Understanding these interactions is crucial for predicting the impacts of environmental variability on coastal carbonate chemistry (Carstensen and Duarte, 2019).


Observed reductions in salinity, TA, and DIC during the non-upwelling season support the central role of freshwater inputs in modulating carbonate conditions (Pérez et al., 2015). Biological processes, particularly photosynthesis, may further contribute to DIC drawdown (Isah et al., 2022), while decoupling between production and respiration can amplify pH variability in stratified coastal waters (Carstensen and Duarte, 2019).


In contrast, during the upwelling season, spatial differences across sampling sites diminished considerably. Relative differences in pHT (48.9%), TA (42.9%), DIC (20.0%), and Ωarag (18.9%) were all lower, suggesting a homogenizing effect of upwelling, driven by the intrusion of cold, CO2-rich subsurface and enhanced vertical mixing across the water column, which together affect the entire bay. This influence was most pronounced at the outer bay, where pHT and Ωarag variability peaked, while the rhodolith bed bottom and inner bay showed more moderate changes. The predominance of northeasterly and easterly winds during this season plays a key role in sustaining upwelling-favorable conditions, enhancing the upward advection of DIC-enriched subsurface water masses. This mechanism likely contributes to the observed increase in DIC concentrations during upwelling, compared to the more variable and stratified conditions of the non-upwelling season. The stronger divergence observed during the non-upwelling period may be further intensified by unusually high rainfall and riverine discharge (Restrepo and Kjerfve, 2000; Ricaurte-Villota et al., 2025), which enhance the effects of local processes under stratified conditions and limited vertical mixing (Pedersen et al., 2024). On average, Ωarag remained above the aragonite saturation threshold (>1) at all sites (see 
Supplementary Table SM_1
), indicating generally favorable conditions for marine calcification (McGrath et al., 2019). Slightly higher values were observed at the outer bay, followed by the rhodolith bed bottom and inner bay.


Rhodolith bed bottom site exhibited the most stable Ωarag values across seasons, while outer and inner bay sites showed greater variability. This stability supports the buffering potential of rhodolith habitats, consistent with previous findings that suggest rhodolith beds may act as microhabitat refugia under ocean acidification scenarios (Costa et al., 2023). Their capacity to maintain stable chemical conditions through biological and sedimentary processes may offer protection to vulnerable calcifiers. In contrast, shallow inner bay areas, dominated by sandy bottoms, are more susceptible to fluctuations in carbonate availability. These results highlight the interplay between regional climatic drivers and local environmental features in shaping the chemical mosaic of tropical marine systems (Gómez et al., 2023).


Although direct measurements of metabolic or calcification rates were not conducted, the consistently elevated and stable Ωarag values at the rhodolith bed suggest the presence of biologically mediated buffering. While average values across sites and depths were relatively similar, SIMPER analysis revealed that variables such as TA and DIC contributed significantly to seasonal dissimilarities at the rhodolith bed bottom, particularly between transition phases. These patterns support the notion that, despite limited spatial contrast in mean values, rhodolith beds may play a role in modulating carbonate chemistry under fluctuating conditions, especially during periods of environmental stress such as upwelling pulses or freshwater inputs (Pedersen et al., 2024; Ricaurte-Villota et al., 2025).






4.4 Nutrients and biogeochemical interactions


Nutrient dynamics at the rhodolith bed bottom revealed clear seasonal trends driven by upwelling, freshwater inputs, and biological processes. Nitrate concentrations peaked during June and July 2023 (0.07 and 0.06 mg·L-1 respectively), coinciding with the post-upwelling transition. These peaks likely reflect enhanced remineralization following the intrusion of subsurface waters (Schubert et al., 2019; Ricaurte-Villota et al., 2025). In contrast, ammonium remained largely undetectable throughout 2024, while phosphate concentrations increased notably in May 2024 (0.39 mg·L-1), coinciding with the onset of the rainy season and heightened river discharge.


Interestingly, Ωarag showed a positive correlation with NO2
- y PO4
3-. While this relationship is not necessarily causal, it may reflect the combined influence of terrestrial runoff and in situ biogeochemical processes in this tropical coastal environment. Seasonal runoff in Gairaca Bay, particularly during the rainy season, introduces nutrients and organic matter that can stimulate biological activity and indirectly affect carbonate chemistry (Aronson et al., 2014). In coastal waters, nutrient enrichment and remineralization can influence pH and DIC, sometimes resulting in complex or even counterintuitive correlations with Ωarag (Cai et al., 2021). Therefore, the observed positive correlation may be the result of overlapping hydrological and biological processes rather than a direct mechanistic link.


The carbonate system at the rhodolith bed is shaped by a complex interplay between pHT, DIC, Ωarag, and nutrient concentrations. A significant inverse relationship was found between DIC and both pHT and Ωarag, consistent with acid-base dynamics in marine systems: as DIC increases, pHT and Ωarag decrease. This pattern aligns with observations in other tropical regions, such as the northern South China Sea, where similar relationships were reported by Roberts et al. (2021), highlighting the widespread influence of DIC on carbonate chemistry across diverse marine environments.


The positive correlation observed between temperature and aragonite saturation state (Ωarag) can be attributed to the seasonal dynamics of the studied tropical coastal system. During the rainy season, surface water temperatures rise while upwelling intensity decreases, reducing the input of cold, CO2-rich subsurface waters and thereby limiting acidification from vertical mixing. Consequently, pHT and carbonate ion (CO3
2-) concentrations increase, resulting in elevated Ωarag values. This pattern, characteristic of shallow tropical environments with seasonal forcing, contrasts with systems dominated by persistent upwelling, where the influx of subsurface waters typically lowers Ωarag despite cooler temperatures (Mucci, 1983; Zeebe and Wolf-Gladrow, 2001; Manzello, 2010). However, the hysteresis effect described by (McMahon et al., 2013) underscores the importance of considering diel variability and metabolic feedbacks when interpreting correlations between Ωarag and environmental drivers such as temperature.


Nevertheless, most correlations between pHT or DIC and nutrient concentrations were not statistically significant, indicating that nutrient variability does not directly control carbonate system dynamics in this setting. Although nutrients are essential for biological productivity, their short-term influence on pHT and DIC appears less pronounced than other drivers such as temperature, salinity, or air–sea CO2 exchange (Gattuso et al., 1998; Zeebe and Wolf-Gladrow, 2001). In tropical coastal systems, these physical and chemical factors often dominate carbonate chemistry, especially under stratified or runoff-influenced conditions (Salisbury et al., 2008; Cai et al., 2021).


This nutrient enrichment pattern supports the role of freshwater inputs in modulating carbonate dynamics in Gairaca Bay (Ricaurte-Villota et al., 2025). Riverine waters are typically low in TA and DIC but high in nutrients and temperature, promoting seawater dilution and enhanced biological CO2 uptake through primary production (Borges and Gypens, 2010). Such correlations likely reflect the contribution of remineralization and biologically driven CO2 uptake in shaping local carbonate dynamics (Borges and Gypens, 2010). These interactions likely explain some of the shifts in carbonate chemistry observed during transition periods, when freshwater delivery and biological activity are both elevated.


Although freshwater inputs from rainfall and runoff are well-documented drivers of biogeochemical variability in this region (Ricaurte-Villota et al., 2025) our data suggest that internal metabolic activity within rhodolith beds may help maintain conditions favorable to calcification, even under elevated pCO2 and DIC levels. Future studies should investigate diel metabolic variability and long-term biogeochemical trends to better understand the mechanisms sustaining rhodolith bed resilience under changing oceanographic conditions.







5 Conclusion


This study highlights the role of seasonal dynamics in modulating the carbonate system of Gairaca Bay, a tropical coastal ecosystem influenced by oceanic upwelling and freshwater runoff. Marked seasonal variations were observed in total alkalinity (TA), dissolved inorganic carbon (DIC), pHT, and aragonite saturation state (Ωarag), reflecting the combined effects of oceanographic forcing and terrestrial inputs.


Non-upwelling periods, coinciding with increased rainfall and riverine discharge, intensified spatial variability in TA and DIC, emphasizing the significance of localized processes such as water column stratification, organic matter inputs, and benthic remineralization. Conversely, upwelling periods produced more homogeneous carbonate conditions across all sites due to the influence of cold, CO2-rich subsurface waters.


Notably, rhodolith beds exhibited the most stable Ωarag values, especially relative to the greater seasonal variability observed at the outer and inner bay sites, reinforcing their potential role as localized buffers under fluctuating environmental conditions. This buffering capacity likely results from biological activities including photosynthesis, calcification, microbial processes, and sediment-mediated alkalinity release. Collectively, these processes may offer significant ecological protection to vulnerable calcifying organisms inhabiting or adjacent to rhodolith beds, particularly during episodic acidification events linked to upwelling pulses.


In contrast, (inner bay) shallow sandy-bottom areas demonstrated greater fluctuations in carbonate chemistry, making them more susceptible to variations in carbonate availability. This variability underscores the intricate interplay between regional climatic drivers and local environmental conditions, highlighting the necessity of considering both regional oceanographic processes and site-specific factors in managing and understanding tropical coastal carbonate chemistry.


Seasonal nutrient dynamics, influenced by rainfall-driven hydrological changes, showed elevated nitrate and phosphate concentrations during periods of increased precipitation. These nutrient influxes likely stimulated primary productivity and microbial respiration, further influencing local carbonate chemistry and demonstrating the interconnectedness of nutrient and carbonate system variability.


Additionally, our analysis indicated that temperature significantly influenced DIC variability due to its direct impact on carbon solubility and biologically mediated processes such as respiration and calcification. While temperature was a primary driver of DIC dynamics, pCO2 variability was regulated by multiple interacting factors, including salinity and the DIC/TA ratio, highlighting the complex regulation of carbonate chemistry in coastal ecosystems.


Overall, this study emphasizes the functional importance of rhodolith beds in buffering carbonate chemistry fluctuations under variable climatic conditions. Although direct measurements of metabolic and calcification rates were beyond the scope of this study, consistently elevated and stable Ωarag values in rhodolith habitats strongly suggest biologically mediated buffering. Future research should prioritize in situ assessments of photosynthesis, respiration, and calcification rates in diverse rhodolith species, and investigate the role of associated microbial communities in modulating carbonate chemistry. Such research is essential for advancing our understanding of the resilience mechanisms within rhodolith beds and their broader ecological implications under ongoing climatic variability and ocean acidification scenarios.
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Historical water column carbonate measurements have been scarce in the Gulf of Mexico (GOM); thus, the progression of ocean acidification (OA) is still poorly understood, especially in the subsurface waters. In the literature, statistical models, such as multiple linear regression (MLR), have been created to fill OA data gaps in different ocean regions. Additionally, machine learning techniques such as random forest (RF) have been used in model creations for both the open ocean and marginal seas. However, there is no statistical model for subsurface carbonate chemistry parameters (i.e., pH and ΩArag) in the GOM. By creating models with various architectures built upon the relationships between commonly measured hydrographic properties (e.g., salinity, temperature, pressure, and dissolved oxygen or DO) and carbonate chemistry parameters (e.g., pH and aragonite saturation state, or ΩArag), data gaps can be potentially filled in areas with insufficient sampling coverage. In this study, two statistical models were created for pH and ΩArag in the northwestern GOM (nwGOM) within the range of 27.1–29.0˚N and 89–95.1˚W using both MLR and RF methods. The calibration data used in the models include salinity, temperature, pressure, and DO collected from seven cruises that took place between July 2007 and February 2023. The models predict ΩArag with R
2 ≥ 0.94, mean square error (MSE) ≤ 0.04, and pH with R
2 ≥ 0.93, MSE ≤ 0.0005. Both the MLR and RF models perform similarly. These models are valuable tools for reconstructing pH and ΩArag data where direct chemical observations are absent but hydrographic information is available in the nwGOM. Nevertheless, potential shifts in circulation, water mass changes, and accumulation of anthropogenic CO2 need to be accounted for to improve and revise these models in the future.
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Introduction


The capability of oceans to store absorbed CO2 from the atmosphere is attributed to seawater’s buffering capability. Through a chain of processes, from CO2 dissolution to carbonic acid dissociation, only a small amount of absorbed CO2 remains undissociated (i.e., aqueous CO2, or CO2
*) (Zeebe et al., 2011). Due to this reaction, CO2 invasion into seawater results in changes to the speciation of the carbonate system. Thus, while the increase in CO2
* is proportional to the CO2 increase in the atmosphere, the extent of the total dissolved inorganic carbon (DIC) concentration increase is lower than that in the atmosphere. As a result, carbonate ion (CO3
2−) concentration decreases along with the release of H+, and carbonate saturation state (Ω) decreases following Equation 1.
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Here, [Ca2+] is the concentration of calcium ions, and Ksp’ is the stoichiometric solubility product (Zeebe and Wolf-Gladrow, 2001). Ksp
’ is a function of the mineral phase (calcite or aragonite), pressure, salinity, and temperature. Based on thermodynamics, calcification is favored when Ω > 1 (supersaturation), while dissolution is favored when Ω < 1 (undersaturation). Ocean acidification (OA) can lead to unfavorable conditions for calcareous organisms such as corals, shellfish, calcareous algae, and other important calcifying species on the ocean food web (such as pteropods) by affecting their calcification (Bednaršek et al., 2012; Erez et al., 2011; Eyre et al., 2014; Hoegh-Guldberg et al., 2007).


Although there has been increasing effort in collecting carbonate chemistry data, creating novel applications of models to supplement existing datasets in many areas, especially the coastal ocean, including the GOM, is still needed. Currently, the data coverage in the nwGOM is limited to infrequent water chemistry data collections from several NOAA-led cruises (Barbero et al., 2024, 2017; Peng and Langdon, 2007; Wanninkhof et al., 2012) and those from our study. New methods are being put into practice to remedy the missing data, including autonomous measurements, although many of these platforms are limited with measuring pH and CO2 partial pressure (pCO2), hence, available datasets often lack the necessary information for characterizing OA conditions in the coastal region.


In recent years, statistical modeling based on hydrographic data has been used to fill in data gaps in water column carbonate chemistry datasets (Juranek et al., 2009), as such data (including salinity, temperature, dissolved oxygen or DO, and sometimes nutrients) are much more widely available. By creating models using commonly measured hydrographic data, information such as ΩArag (i.e., aragonite saturation state), pH, total dissolved inorganic carbon (DIC), and total alkalinity (TA) can be calculated (e.g., Carter et al., 2018). An early example of these studies was done for ΩArag on the continental shelf of central Oregon (Juranek et al., 2009), where a multilinear regression (MLR) model using temperature and oxygen was developed for ΩArag (coefficient of determination or R
2 = 0.987, with mean standard error or MSE of 0.003). This MLR model was used for constructing comprehensive water-column ΩArag values to evaluate the seasonal evolution of ΩArag. The application of MLR models with adjustments for anthropogenic CO2 to determine ΩArag using historical datasets was done in a study in the Sea of Japan (East Sea), where a similar model was applied to a historical dataset lacking ΩArag, resulting in an ΩArag dataset from 1960 to 2000 (Kim et al., 2010). Similar models have also been proven effective for the prediction of ΩArag in other locations, with some model applications including TA and DIC (Alin et al., 2012; Bostock et al., 2013; Hare et al., 2025; McGarry et al., 2021; Carter at al., 2021).


Our study developed statistical models using both and random forest (RF) architectures for the purpose of predicting pH and ΩArag in the northwestern Gulf of Mexico (nwGOM). Equation 2 was used to represent the MLR model, where Y is the target variable, β0 is the y-intercept, βx represents the slope intercept, Xx is the predictor variables and ϵ is the error term. MLR is a popular and effective linear modeling technique that has been applied in a vast number of research areas, including the aforementioned successful applications to marine carbonate chemistry, and thus was a clear choice.
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Machine learning has emerged as an alternative to linear models in numerous fields (Thessen, 2016). The proliferation of machine learning techniques has led to the development of methods for a wide variety of datasets and goals. The simplest machine learning models, such as decision trees and RF models, which are constructed from a group of decision trees, each trained on a distinct subset of data. These three based models are frequently preferred when applicable due to their explanatory capability through feature importance, low computing power requirements, and ability to operate on relatively small datasets (Cutler et al., 2007). RF is a versatile and powerful ensemble learning method capable of producing high-quality predictions while effectively handling noisy data and mitigating common challenges such as overfitting (Breiman, 2001). By aggregating the predictions of multiple decision trees, each trained on distinct subsets of data, the randomness introduced by this approach enhances prediction accuracy and diminishes the risk of overfitting (Thessen, 2016). Moreover, RF offers interpretability that many other machine learning models lack, through assessment of feature importance, which measures how much each feature contributes to reducing impurity (like variance) across all the trees in the forest, indicating its overall influence on the model’s predictions. This combination of robustness, accuracy, and interpretability makes RF well suited for both classification and regression tasks (Thessen, 2016). For this study, statistical and machine learning methods were used to create MLR and RF models using measured hydrographic data (salinity, temperature, pressure, DO) to estimate pH and ΩArag. These models will have the capacity not only to estimate pH and ΩArag using existing datasets but also could pair with current and potentially future autonomous observation platforms to create near real-time estimated pH and ΩArag coverage within the recommended timeframe (i.e., the next 10 years). This study will also serve as a valuable baseline of data for future OA research in the nwGOM.






Methods






Dataset description


Water column studies focusing on the carbonate system in the GOM shelf and upper slope (up to 1000 m) region include GOMECC cruises 1–4 in 2007, 2012, 2017, and 2021 (Barbero et al., 2024, 2017; Peng and Langdon, 2007; Wanninkhof et al., 2012) (
Table 1
). In addition to these large-scale expeditions, regional datasets also exist from individual studies focusing largely on the northern GOM shelf (Cai et al., 2020, 2011; Hu et al., 2017; Huang et al., 2015).



Table 1 | 
Summary of datasets included in this research study.





	Name

	Date

	# Observations






	GOMECC
	1
	July 2007
	90



	3
	July 2017
	131



	4
	October 2021
	59



	XR
	1
	April 2021
	104



	2
	August 2021
	107



	3
	December 2022
	57



	4
	February 2023
	121







Number of observations column indicates the total number of observations from each cruise included in modeling after modification for target depth and calculation of necessary parameters.




From April 2021 to February 2023, five cruises were conducted in the nwGOM shelf and upper slope to collect both surface and water column data across different seasons as a part of the project “Ocean Acidification at a Crossroad” (XR) (
Figure 1
). Among the stations sampled were those along the Galveston transect, which is a transect along the 95° W longitude first taken during GOMECC-1 cruise. This transect was sampled on GOMECCs 3 and 4 and again by the XR project in April and August of 2021, December of 2022, and February of 2023 (
Table 1
; 
Figure 1
). The combined dataset before circulations QC and preparation included 960 data points from 36 stations, out of which 94 of these data points from the GOMECC-4 cruise were to be used for testing the models while the remaining 866 data points were to be split (90:10) and used for model training and calibration.


[image: Map displaying station types in the Gulf of Mexico with locations marked for GOMECC 1, 3, 4, and XR stations. The map shows a coastline at the top and various colored circles in the water indicating different station types.]
Figure 1 | 
A map of the study area and stations where data was collected.









Sampling and analytical methods


Seawater sampling for the XR cruises was done following the best practices for carbonate chemistry analysis (Dickson et al., 2007). Briefly, samples were taken from the Niskin bottles into 250-ml ground-neck borosilicate glass bottles. Preservation of samples for carbonate chemistry analyses was done by adding 100 μl of saturated HgCl2 solution. Glass stoppers with the aid of Apiezon® L grease and rubber bands were used to seal the samples. The GOMECC samples were analyzed on board the ship, including DO, DIC, and TA; nutrient samples were analyzed at the Atlantic Oceanographic and Meteorological Laboratory (AOML) (Barbero et al., 2017, 2024; Peng and Langdon, 2007; Wanninkhof et al., 2012). All XR carbonate chemistry (DIC, pH, and TA) samples were analyzed in our lab at Texas A&M University-Corpus Christi (Hu et al., 2018), and DO was analyzed on board the ship. Nutrient samples were analyzed at the Geochemical and Environmental Research Group at Texas A&M University.


For the GOMECC samples, DO was determined using an automated oxygen titrator with amperometric end-point detection (Culberson and Huang, 1987). DIC was determined using gas calibrations and Certified Reference Material (CRM) stability checks to ensure proper performance (with precisions of ± 1.37 µmol/kg) (Johnson et al., 1985). For the XR samples, DO was determined on a selected subset of the samples using Winkler titration (Culberson, 1991; Winkler, 1888), as these water samples were used to verify the DO sensor on the onboard the CTD (DiMarco et al., 2012). DIC was determined using infrared methodology on a DIC analyzer (Apollo SciTech Inc.) with CRM to ensure optimal instrument performance (with precisions of ±0.1%) (Chen et al., 2015). For all cruises, TA was analyzed using open-cell Gran titration (Gran, 1952), and pH was analyzed using a spectrophotometric method with purified m-cresol purple (Liu et al., 2011). Due to the COVID-19-caused interruption to CRM supply in early 2021, XR1 samples were analyzed using CRM Batch #181 and a homemade secondary reference (based on CRM Batch #181) taken from filtered (0.2 µm) and HgCl2-dosed Aransas Ship Channel water. XR2 samples used CRM Batch #194, 197, and 198; XR3 samples used CRM Batch #202 and 204; and XR4 samples used Batch #204 only, while XR5 samples used Batch #204 and 205.







Calculations, QC, and data preparation


Speciation calculations for the GOMECC-1 data used TA, DIC, and nutrients as input variables as direct pH measurement using the spectrophotometric method was not available. Estimated uncertainties using the average surface water conditions for pH and ΩArag were ±0.01 and ±0.17, respectively (Orr et al., 2018); then DIC and pH were used for speciation calculations in all other GOMECC datasets as well as the XR ones without nutrient data, resulting in an uncertainty in ΩArag of ±0.18. Though some calculations were done without nutrients, uncertainty contributed to the combined standard uncertainty are negligible even in high-nutrient regions, except in high-nutrient waters with TA as a member of the input pair (Orr et al., 2018). Carbonate speciation calculation was done using the MatLab version program CO2SYS (Sharp et al., 2023; van Heuven et al., 2011). Carbonate dissociation constants from Mehrbach et al. (1973) refit by Dickson and Millero (1987), the dissociation constant of bisulfate reported in Dickson et al. (1990), the total boron concentration provided in Uppström (1974), and the aragonite solubility constant from Mucci (1983) were used in these calculations. As nutrient data were not available for the XR cruises due to technical issues encountered during the pandemic, we were not able to do a strict internal consistency analysis because using TA as one of the input variables would require nutrient information. However, the offset between calculated (using DIC/pH without nutrients, except for GOMECC-1) and measured TA values, was compared across all cruises to ensure that data quality was consistent among these trips (
Figure 2
) (Patsavas et al., 2015).


[image: Scatter plot and box plot diagram comparing measurement residuals for XR and GOMECC methods. Panel (a) shows residuals versus measured values with pink and green dots representing XR and GOMECC, respectively. Panel (b) displays box plots by depth ranges for residuals with XR in green and GOMECC in pink, indicating variations across different depths.]
Figure 2 | 
Visuals for quality control comparisons of analysis between XR and GOMECC datasets. Boxplot (a) showing distribution of ΔTA by calculation inputs separated by depth. Scatterplot (b) visualizing the spread of ΔTA by calculation inputs by measured TA values.




When modeling carbonate chemistry, it is crucial to focus on a geographic area where local processes and water masses exert similar control. This ensures that the relationships between parameters remain consistent throughout the area and are accurately captured in the models. Hence, data used for our model development were limited spatially within the range of 27.1–29.0˚N and 89–95.1˚W. Removal of the upper water column of various depths is regularly done in some capacity in carbonate modeling studies in an attempt to remove large, short-term, unconstrained variabilities, such as surface water gas exchange, physical, biological, and seasonal changes (Juranek et al., 2009; Kim et al., 2010; Lima et al., 2023; McGarry et al., 2021). Depth ranges of the mixed layer to be removed vary by location and season. Some models do not require exclusion of air-surface water interactions due to predictor variables being unaffected by this exchange, and others have used removal of additional surface water as a means of removing the effect of seasonality (Juranek et al., 2009; Kim et al., 2010; Lima et al., 2023; McGarry et al., 2021; Montes et al., 2016). Since the models produced in this study could contain DO, removing air-sea interaction was necessary. However, the removal of the mixed layer to eliminate seasonality as done by Kim et al. (2010) would equate to a removal of more than 100 m to account for the seasonal changes in mixed layer depth, as winter mixed layer depth in nwGOM can be more than 100 m (Muller-Karger et al., 2015). To retain as much data as possible while removing seasonality, removal of the upper 30 m of data was arbitrarily chosen. Note this removal should more than cover the depth of the mixed layer in summer but is shallower than those depths in winter and spring. The predictor parameters (salinity, temperature, pressure, and DO) were normalized to avoid collinearity, which causes computational problems that make parameter estimates unstable (Quinn and Keough, 2002). This was done through computing Z-scores using Equation 3, where Xi is the predictor variable data point, Xm is the mean of the calibration set, and XSD is the standard deviation of the calibration set. This can be described as centering by subtracting the mean and dividing by the standard deviation, resulting in predictor variables having a mean of 0 and a standard deviation of 1.
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This approach uses normalized predictor variables to estimate nonnormalized target variables, so the relative importance of multiple parameters can be compared within one model through the magnitude of the coefficients. The normalized predictor variables were tested for collinearity by calculating the variance inflation factor (VIF) for each predictor. Combinations of terms resulting in a VIF greater than 10, indicating excessive collinearity, were not used in any model (Kutner et al., 2005). Outliers were identified using studentized residuals, which are more effective for detecting outlying Y observations than standardized residuals. Studentized residuals larger than 3 (which are classified as outliers) were further examined. Each data point was individually evaluated, considering corresponding measurements from the same sample for consistency. Data flagged as questionable across multiple parameters were carefully considered, and if multiple indicators suggested potential error, the observation was excluded from the dataset. Any data points with studentized residuals >5 were removed due to the likelihood of being erroneous or anomalous.







Model creation


The modeling exercise was conducted in Python using the Scikit-learn packages (Pederegosa et al., 2011). Using a combination of the measured data (salinity or S; temperature or T; DO; and pressure, or P), these techniques produced RF and MLR models for pH and ΩArag. The predictor variables were selected by dredge for MLR models or variable importance for RF models (see below for details). The process was repeated until either R
2 values were <0.90 or only one predictor variable remained. Final predictor variable selections were used to create final models that were evaluated.


MLR - Empirical models were developed for each target variable (i.e., pH and ΩArag) using least squares multiple linear regression on each combination of hydrographic variables, following the methods of Juranek et al. (2009) and Alin et al. (2012). All parameters (DO, S, T, P) in the training data were given as predictors to a full MLR model. Dredge methodology was used to evaluate every possible combination of the four parameters. From among the combinations, all models were ranked based on minimizing the Akaike information criterion (AIC), a metric for model selection that incorporates both the goodness of fit and a penalty for complexity (Burnham and Anderson, 2004). The best performing models with R
2 > 0.90 and correlation coefficients with correct signs (±) were selected for further evaluation.


RF - An initial RF model was created including all four variables. Hyperparameter tuning is the process of optimizing a model’s configuration settings to improve performance by specifying tuned values for the number of trees, max tree depth, and minimum samples split. Hyperparameters for tuning were decided using scickit-learn GridSearchCV (
Supplementary Table S2
). Selected hyperparameters were applied using an RF regressor function (Probst et al., 2019). After this step, the variable importance was analyzed, and a stepwise procedure was followed to create a new model without the variable of least importance. The new model was then tuned and evaluated, if the model's R2 > 0.90 it would be considered in the final model valuation. In addition, the process starting by analyzing feature importance to create a simpler model was continued until the resulting model did not meet previously stated criteria.







Model evaluation


The models were used to predict their target variable while using predictor variable data from the completely “unseen data,” or data uninvolved in the training process, in this instance, the GOMECC-4 data. By using data from a cruise, which also took place within the time period that the modeled data were collected, separate from the training data, this ensures that the model performance results will accurately represent the models’ efficacy on new data. To ensure that the test dataset is representative of the training dataset and that the distributions of the variables are not problematically different, a two-step evaluation process was conducted. First, the distribution of each variable in both the training and test datasets was visually examined using graphical representations, such as histograms, density plots, or boxplots, to identify any noticeable differences. Second, the Kolmogorov–Smirnov (KS) test, a non-parametric statistical test, was applied to each variable to evaluate whether two samples are drawn from the same underlying distribution by comparing their cumulative distribution functions (Massey, 1951). These analyses collectively concluded that the training and test datasets are statistically comparable, minimizing the risk of bias in model evaluation due to distributional differences.


After confirmation of the representative quality of the test data, model evaluations were based on the performance across multiple metrics, including mean absolute error (MAE), mean square error (MSE), mean absolute percent error (MAPE), correlation coefficient R2, and spatial bias (Vujovic, 2021). MAE and MSE represent the absolute-difference and the squared-difference metrics, respectively. MLR model variable coefficients were used for interpretation of relative variable effect. The RF model variable importance best describes model fit, not direct variable relationships, and therefore was not interpreted this way, that is, variable effect. Additional analysis of the residual data to identify normality and potential signals was done using QQ-plots and Shapiro–Wilks tests (Chen et al., 2019) (
Supplementary Figures S1
-
S8
).








Results


The models chosen to predict both ΩArag and pH included different combinations of the following parameters: salinity, temperature, pressure, and DO (
Table 2
). All linear combinations of hydrographic parameters in the models presented here resulted in VIFs less than 10, suggesting that there is no statistical evidence of coupling between any of the predictor variables. The MLR and RF models for ΩArag had adjusted R
2 values between 0.94 and 0.99 and MAE values between 0.06 and 0.14. The MLR and RF models for pH had adjusted R2 values between 0.93 and 0.96 and MAE values between 0.01 and 0.02. As shown in 
Figures 3
 and 
4
, the residuals for all model versions displayed some visually identifiable tendency for greater error in shallower depths. This, in combination with poorer performance of models including all depths, supports the choice made to mitigate uncertainty caused by air-sea interaction by the exclusion of the mixed layer in some capacity (
Supplementary Table S2
). MAPE statistics indicate the models for pH displayed less deviation between predicted and actual values and may perform better when used with new data (
Table 2
). These model evaluative criteria indicate that both models produced reliable results across the range of observed values in the calibration dataset (
Figures 3
, 
4
).



Table 2 | 
Summary of all models for the prediction of pH including their performance metrics and variable importance for RF models and coefficients for MLR models.





	
	MSE

	MAE

	MAPE

	
R
2


	MSE

	MAE

	
R
2


	Temperature

	Dissolved Oxygen

	Pressure

	Salinity

	Intercept






	ΩArag RF 3
	0.010
	0.071
	0.029
	0.987
	0.011
	0.068
	0.985
	0.56
	0.09
	0.35
	 
	 



	ΩArag RF 2
	0.021
	0.095
	0.039
	0.971
	0.025
	0.095
	0.966
	0.61
	 
	0.39
	 
	 



	ΩArag RF 1
	0.037
	0.130
	0.051
	0.949
	0.044
	0.135
	0.94
	1
	 
	 
	 
	 



	ΩArag MLR 4
	0.009
	0.072
	0.032
	0.987
	0.01
	0.056
	0.986
	0.3982
	0.3722
	-0.0544
	0.0989
	2.5369



	
Ω
Arag MLR 3

	
0.010

	
0.071

	
0.032

	
0.987

	
0.011

	
0.063

	
0.984

	
0.4367

	
0.3687

	
-0.1127

	 
	
2.537




	
pH RF 3

	
0.0003

	
0.013

	
0.002

	
0.959

	
0.0002

	
0.013

	
0.961

	 
	
0.15

	
0.75

	
0.1

	 



	pH MLR 3
	0.001
	0.018
	0.002
	0.929
	0.0005
	0.017
	0.929
	-0.0078
	0.0647
	-0.0432
	 
	7.9512



	pH MLR 4
	0.000
	0.016
	0.002
	0.946
	0.0003
	0.011
	0.955
	-0.0232
	0.0661
	-0.0198
	0.0396
	7.9511







Unshaded area includes results from performance of validation dataset; shaded area indicates performance of unseen test data. Number in the model ID reflects the number of variables used in the model. MSE is mean square error, MAE is mean absolute error, MAPE is mean absolute percent error, R2 is the correlation coefficient. The rows with the bold fonts indicate the best models.Note the first column includes modeled parameter (ΩArag and pH), and the numbers after the statistical models (RF or MLR) indicate the number of predicting variables used.




[image: Three scatter plots labeled a, b, and c compare different pH model predictions. Plot a shows predicted versus measured pH with points closely aligned along a diagonal line. Plot b displays residuals against measured pH, showing scattered points around a horizontal line. Plot c depicts residuals by depth, with points distributed across various depths. Each plot compares three models: RF 4, MLR 3, and MLR 4, using different colored dots.]
Figure 3 | 
pH models predicted values plotted by measured values from models’ application to test dataset (GOMECC4) (a), residuals plotted by measured ΩArag (b), and depth (c). Points color coded for each model (
Table 2
).




[image: Three scatter plots comparing different models for predicting \( \Omega_{arag} \). Plot (a) shows predicted versus measured \( \Omega_{arag} \) with data points near the line of equality. Plot (b) depicts residuals against measured \( \Omega_{arag} \) scattered around zero. Plot (c) displays residuals by depth, with no clear trend. Data points are colored for RF 3, RF 2, and MLR 3 models.]
Figure 4 | 
ΩArag models predicted values plotted by measured values from models’ application to test dataset (GOMECC4) (a), residuals plotted by measured ΩArag (b) and depth (c). Points color coded for each model (
Table 2
).
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Uncertainty propagations were calculated using Equation 4 (Carter et al., 2018; Li et al., 2022). E
MLR refers to the model RMSE. E
Response represents measurement uncertainties; for pH, this is the spectrophotometric measurement uncertainty, which was set conservatively to be a constant 0.005 (Carter et al., 2024). For ΩArag this is the uncertainty from input pairs propagated through calculations of ΩArag which was set as 0.085 (Orr et al., 2018). E
input is the uncertainty of the input parameters propagated in the regression, which can be calculated using Equation 5, where U
i is the i-th input uncertainties of the predictor properties. We set the Ui
 values at 0.005, 0.005°C, and 2.2 µmol kg−1 for S, T, and DO, respectively (Carter et al., 2018). Total uncertainty calculated is 0.12 for ΩArag and 0.0173 for pH. Other information that can be inferred from these calculations is the relative sources of uncertainty by the comparison of E
Response, E
Input, and E
MLR. In both cases the E
MLR value was the largest contributor of uncertainty, followed by E
Response.


In addition to the total uncertainty calculations, a better understanding of the source of the uncertainty described by the E
MLR can be achieved by examining the calculations of error used to describe model performance, such as MAPE and MAE. ΩArag models produced MAPE scores of 2.9%–5.1% and MAE of 0.05–0.13 in comparison to estimates of error propagation for calculation of ΩArag being ±0.16 depending on input pairs (Orr et al., 2018). Most of the uncertainty from calculation comes from the pair-constants curve, meaning methodological uncertainties for the input pairs result in little effect on the overall propagated uncertainties. Therefore, the relative uncertainty due to error of model ΩArag values has similar reliability to calculations of ΩArag from measured DIC, TA, or pH values. This was not true for pH models, as MAPE scores ranged from 0.16% to 0.22%, with an MAE of 0.011–0.018 in comparison to a relative uncertainty of measurement methods of 0.008–0.0012, meaning that there is a higher confidence of measured values as opposed to predicted (Takeshita et al., 2021).


The best model for ΩArag was the MLR model, which included all variables with an R
2 = 0.99. (ΩArag MLR 4; 
Table 2
). MLR equation coefficients indicate that for the ΩArag model, variable importance, or contribution to explainability, is as follows, from most to least important: temperature, DO, pressure, and salinity, with temperature and DO being >77% larger than pressure and salinity. The second-best performing model with R
2 = 0.98 is the MLR model with three variables, which, in order of importance, are temperature, DO, and pressure (ΩArag MLR 3; 
Table 2
). The RF models did not outperform MLR models but came close behind, with the best RF model (ΩArag RF 3; 
Table 2
) having an R
2 = 0.99 while using the same three variables as the second-best MLR model. For the RF models, poorer performance on test data than validation data would indicate overfitting and that the model has poor ability to generalize. However, minimal difference (ΔR
2 < 0.01) was observed in performance on testing versus validation data. This indicates that the model is not overfitted, generalized well, and can be expected to perform similarly (as it did on the test data) on new data (Domingos, 2012).


For pH, the best-performing model was the RF model that included three variables with an R
2 = 0.96. (pH RF 3; 
Table 2
). The second-best performing model with R
2 = 0.975 was the MLR model with all variables, which, in order of importance, are DO, temperature, pressure, and salinity (pH MLR 4). The RF models outperformed the MLR models for pH prediction, but again by a narrow gap. Differences were observed in performance on validation and test datasets of R
2 > 0.6, indicating which models may be slightly overfitted. The RF model containing all four variables performed poorly, possibly due to overfitting or collinearity and thus is not included.


All residuals indicated nonnormality as seen in QQ-plots, histograms, and through Shapiro-Wilks p-values < 0.05 (
Supplementary Figures S1
–
S8
). To further investigate the non-normality of residuals and determine if it could be an indicator of other problems, the Durbin-Watson and Breusch-Pagan tests were used to test the assumptions for independent and homoscedastic residuals. A Durbin-Watson test for independence resulting in a value close to 2 suggests that the residuals an autocorrelated. Breusch–Pagan test for homoscedasticity, where a p > 0.05 suggests homoscedasticity. Therefore, despite the nonnormality of the residuals, it is unlikely to be problematic due to their independence, homoscedasticity, the size of the dataset, and the robust nature of the models (Breiman, 2001).







Discussion






Data selection considerations


The nwGOM area (latitudes 27.1–29.0˚N and longitudes 89–95.1˚W) was selected to isolate a relatively small geographic area where controlling factors on the carbonate system are expected to remain similar in the examined window of time and included the same stations surveyed repeatedly along the same transect (i.e., the 90° line). This study area lies almost entirely on the Texas shelf and far enough to the west so that the effects of the freshwater discharge transported westward are less pronounced than on the bulk of the Louisiana Shelf (Androulidakis et al., 2015; Morey et al., 2003). Under heavy influence from the large river’s watershed, salinity would be a key variable for models, although it is not detected as such in our models. Therefore, salinity was only included as a predictor variable in one of the ΩArag models and only half of the pH models.


Removal of the surface layer of the water column was done strategically to remove large, short-term temporally unconstrained variabilities, such as surface water gas exchange, physical, biological, and seasonal changes (Juranek et al., 2009; Kim et al., 2010; McGarry et al., 2021). In the nwGOM, removal of shallow water can potentially mitigate the minimal effects of freshwater outflow as the low-salinity river discharge is buoyant. Removal of surface water can be less important when air-surface water interactions do not affect predictor variables. Even still, removal can serve as a means of removing the effect of seasonality, though depth ranges of the mixed layer to be removed vary by location and season (Juranek et al., 2009; Kim et al., 2010; McGarry et al., 2021; Montes et al., 2016). Since most of the models produced in this study contain DO, removing air-sea interaction was necessary. Based on the final models chosen for ΩArag and pH, the relationships showed that the exclusion of the upper 30 m of the water column did improve the performance of all ΩArag models. When models are compared with the model containing the same spatial data but all depths, models with the upper 30 m removed, except for pH MLR models, had either greater R2, lower MSE or MAPE, or a combination of the three (
Supplementary Table S2
). The improvements in all models indicate that the removal of surface water increases the performance of the models, though it should be noted that there may be bias across seasons due to unaccounted-for surface water and mixed-layer inclusion in the datasets used for training. Seasonal bias could also occur due to a greater quantity of summer observations in the training dataset. Further data beyond the 2007–2023 time series, as well as the inclusion of more seasonal data, are needed to properly assess the potential existence of these biases.







Aragonite models


There are many known relationships between ΩArag and physical and chemical parameters, which is why the variables salinity, temperature, pressure, and DO were chosen in developing ΩArag models. However, the degree to which each of these variables is intertwined with ΩArag is not so easy to identify but can be inferred by their selection and importance in the models with the highest performance.


Temperature was the most prominent predictor for ΩArag in all models (
Table 2
). The strength of the relationship can be explained by ΩArag as a function of Ksp and [CO3
2−], and Ksp as a function of temperature, salinity, and pressure. Temperature as a dominant predictor variable aligns well with models built for ΩArag prediction in other areas, which also found temperature to be a primary predictor for ΩArag (Alin et al., 2012; Juranek et al., 2009; Kim et al., 2010; McGarry et al., 2021). Pressure was included in all MLR models and two out of three RF models (
Table 2
). The pressure term in the models can be in part explained by ΩArag as a function of Ksp and [CO3
2−], and Ksp is also a function of pressure, that is, increasing solubility with depth. DO was included in both MLR models and one RF model (
Table 2
). The inclusion of DO is likely due to the close coupling of DO and DIC in subsurface waters, which includes CO2 uptake (photosynthesis) and release (respiration) and lacks exchange with the atmosphere in the subsurface (>30 m). Although salinity was also tested, it was only included in one MLR model based on selection criteria and was the least important predictor variable by coefficient (
Table 2
). The lack of salinity could be in part because salinity in the modeled dataset has small variability from 33.2 to 36.7 without outliers and an interquartile range (IQR) of from 35.2 to 36.4. This means salinity has a relatively small contribution to variability, either due to the hydrography of the area or possibly in part to the limitation of the dataset’s spatial and depth coverage. By focusing on the nwGOM and removing the upper 30 m it is possible that freshwater outflow transported from the Mississippi-Atchafalaya watershed westward over the Louisiana-Texas shelf in the surface water has been partially or wholly avoided (Morey et al., 2003).







pH models


Although anthropogenic CO2 is the dominant driver for long‐term, that is, multidecadal, change in pH in the upper ocean water column, the variations observed in coastal waters on decadal time scales are largely attributed to driving forces including production shift due to changes in nutrient input (Wang et al., 2013) and ocean circulation changes (e.g., upwelling) (Feely et al., 2008) and terrestrial influences (Cai, 2003; Duarte et al., 2013; Gomez et al., 2021). The fact that DO was included as an important predictor variable suggests that biological activities are a major driving force for the carbonate system. Similarly, DO was also found to be the strongest predictor of pH in the Northeast US (McGarry et al., 2021). Pressure was also important in all the models, as carbonate system equilibria are affected by pressure (
Table 2
). There is a visually notable trend of overprediction of pH from 400 to 800 m; this is an area with lower pH and Ω than the rest of the water column. We attribute this bias to the non-linearity of the carbonate system. This type of bias has also been seen in other similar models in different geographic locations as well (Juranek et al., 2011, 2009).







Comparison with previous models


One of the primary motivations behind the use of the MLR modeling with standardized variables is the ability to use empirical relationships among predictor variables to accurately describe the controlling processes in the study area, whereas RF modeling can only provide relative feature importance, which is not a quantification of the correlation between variables but of the relative impact on the performance of the model, or reduced impurity, that can be attributed to that predictor variable (Breiman, 2001). Due to standardization, the strength of the predictor variable correlation with the target variable can be inferred by the absolute value of the coefficients of predictor variables included in the models. However, it is important to note that statistical models reflect correlations between predictor variables and target variables but do not necessarily reveal mechanistic relationships (Quinn and Keough, 2002) (
Table 2
).


Because of differences in hydrography, river influences, and location of the drivers of the carbonate system, statistical models for carbonate system parameters are often specific to the geographic areas where they were created for. Although many of the primary drivers of the carbonate system remain the same, the secondary variables shift, as does the degree to which they influence.


In the literature, ΩArag models have been created for the northwestern Atlantic (McGarry et al., 2021), northern Gulf of Alaska (Evans et al., 2013), Central Oregon Coast (Juranek et al., 2011, 2009), southern California Current system (Alin et al., 2012), Queen Charlotte Sound (Hare et al., 2025), U.S. east coast (Li et al., 2022), and the Sea of Japan (East Sea) (Kim et al., 2010). These models all have between two and three variables and an adjusted R
2 ≥ 0.91 compared to between one and four variables with an adjusted R2 ≥ 0.94 in this study. The primary predictor variable in all previous models except two (Evans et al., 2013; Juranek et al., 2011) is temperature, as is the case in this study. Most models also include some combination of temperature with salinity, oxygen, and interaction terms; one model also used pressure (Kim et al., 2010), and one used NO3
- (Evans et al., 2013). The models created here and those created previously for ΩArag agreed on the use of temperature as a primary predictor variable in combination with other predictor variables.


pH models have been created for the eastern US coast (McGarry et al., 2021; Li et al., 2022), the northeast Pacific (Juranek et al., 2011), the southern California Current System (Alin et al., 2012), Queen Charlotte Sound (Hare et al., 2025), and the global ocean (Carter et al., 2021). All those models also used temperature and DO (Alin et al., 2012; Juranek et al., 2011; McGarry et al., 2021; Li et al., 2022), with one model also using an interaction term between DO and temperature (Alin et al., 2012), one using nutrients, salinity, and multiple interaction terms (McGarry et al., 2021) and, lastly, one using AOU and salinity (Hare et al., 2025). They included between two and seven variables and resulted in adjusted R
2 ≥ 0.89 in comparison to our models, which have between three and four variables and adjusted R
2 ≥ 0.93. Our MLR models are consistent with previous models that DO was an important predictor variable for pH.







Model applicability


The GOMECC-1 survey in 2007 was among the first to collect comprehensive, high-quality, measurements of the inorganic carbonate system parameters in the GOM. However, the capacity for autonomous observation of ocean carbonate chemistry is growing rapidly. By combining real-time, high-resolution data with modeling methods, it is possible to create comprehensive data coverage while simultaneously providing data validation via comparison between different data sources. With the use of MLR in combination with a single Argo profile float containing DO and temperature sensors, Juranek et al. (2011) were able to create a 14-month comprehensive time series containing ΩArag and pH, which were verified by comparisons to independently measured values. Evans et al. (2013) applied models to field data from glider flight and a GLOBEC mesoscale SeaSoar survey (Cowles, 2002) to create complete datasets, allowing for identification of variability of ΩArag. Hare et al. (2025) also had success with this in Queen Charlotte Sound, British Columbia, where regression models were applied to regional autonomous glider data. Although autonomous measurements for biogeochemical parameters in the GOM have just begun (Osborne et al., 2024), successful combination of models and autonomous data collection should greatly improve geochemical data coverage and advance carbonate chemistry studies.


In addition to long-term changes, there is strong motivation to apply empirical models to year-round hydrographic data to reconstruct the seasonal cycle of carbonate chemistry. For example, Juranek et al. (2009) created a model using data collected in spring and successfully used it to predict the seasonal changes in ΩArag under the assumption that the seasonal variability of the primary independent variables (temperature and DO) would be comparable to the variations encountered spatially during the initial data collection. One method to mitigate effects of the lack of seasonal variation data on the relationships between physical and chemical data is by excluding depths influenced by local meteorological conditions from the analysis (Kim et al., 2010). Most models were calibrated using mostly summer data and none with subsurface seasonal data for the GOM. Our models contain data from all seasons with slightly more data points from summer months. Seasonal application is expected to be viable in the produced models for pH as it was explained primarily by biologically driven changes, that is, the coupling between DIC and DO. Seasonal application is also expected to be viable for ΩArag at depths of 30–300 m, as biological changes are primarily driven by DIC rather than TA (Anglès et al., 2019; Hu et al., 2018). It is expected that changes in DIC should be captured in these models due to their relationship with DO in the subsurface (Anderson and Sarmiento, 1994; Hales et al., 2005).


Furthermore, there is also motivation to apply statistical models to forecast the carbonate system conditions as OA progresses. Previously created MLRs have been applied to generate hindcasts (up to 40 years) on carbonate chemistry (Evans et al., 2013; Kim et al., 2010). However, the temporal applicability of a model is expected to be limited. To use the model for predictions beyond the timeframe of training data, even with relatively unchanged circulation and watershed conditions, it is necessary to make corrections for shifts caused by changes in the anthropogenic CO2 inventory in the water column, increasing error beyond model uncertainty. This is because empirical models do not account for anthropogenic addition of CO2, which changes the ratio of DIC/DO. Due to atmospheric CO2 input, previous modeling studies have calculated that the statistical relationships will need to be updated every 5–10 years to account for changes in target variables (Alin et al., 2012; Juranek et al., 2011, 2009). The models can be used for estimation of data within the timeframe of the training data (2007–2023), with the requirement that seasonality or waterbody changes are captured, hindcasting up to 10 years (1997–2007), and predicting up to 10 years (2023–2033) (Juranek et al., 2011). For example, Juranek et al. (2009) created a model using data collected in spring, and they successfully used it to predict the seasonal changes in ΩArag. The assumption of this study was that the seasonal variability of the primary independent variables (temperature and DO) would be comparable to the variation encountered spatially during the initial data collection just a year prior. However, to extend the reconstruction further than 10 years, it would be necessary to account for the progressive addition of anthropogenic CO2 to the water column over time. For example, Kim et al. (2010) used estimates of anthropogenic CO2 invasion to subtract anthropogenic CO2 and apply modeling estimates of DIC in the Sea of Japan (East Sea) to create a 40-year reconstruction. In our study, the total uncertainty values are 0.12 for ΩArag and 0.0173 for pH. The rate of pH decline at the surface during the 2013–2022 period is 0.0025 ± 0.0005 year1−, while there is no discernable trend in ΩArag (Hu, unpublished data). Based on this, it would take 14 years for the accumulation of anthropogenic carbon to surpass two times the uncertainty for pH (i.e., the time of emergence, Turk et al., 2019). Due to the lack of trend in ΩArag, these models could be applicable for a longer period in this region. However, we recommend conservatively applying caution when using beyond the 10-year window. For all models but particularly ΩArag, it seems likely that other factors such as changing climatology may be the first to influence model applicability rather than anthropogenic CO2 intrusion.







Data scarcity


Technological advancements (e.g., satellites, floats, and gliders) have made autonomous measurements for selected variables possible. Even though satellites provide large volumes of invaluable data, their scope is limited not only to the surface layer but also to measurements of temperature and ocean color, which can be used for estimations of productivity, dissolved organic matter, and sea surface CO2 partial pressure (e.g., Chen et al., 2019). Some remedies for the lack of data beyond the surface have come in the form of novel technologies, including Argo floats and gliders (Osborne et al., 2024). The Argo array supports more than 3,000 floats across the global ocean, supplying profiles of T and S, of which about 200 are also equipped with a DO sensor. Biogeochemical-Argo (BGC-Argo) floats can take measurements from the surface to 2,000 dbar and provide high-resolution autonomous measurements for some combinations of chlorophyll, particle backscatter, DO, nitrate, pH, or irradiance (Roemmich et al., 2019). Nevertheless, this equipment is limited in coverage ability; BGC-Argos have yet to reach the comprehensive coverage of traditional Argos, and they usually do not operate on continental shelves. Gliders share the similar biogeochemical sensors used by the BGC-Argo floats with a similar mode of operation but perform sawtooth trajectories from the surface to the bottom, or to 200–1,000 m depth, and their deployments are limited largely by biofouling, battery life, and payload space, hindering their ability to carry many sensors (Saba et al., 2019; Testor et al., 2019). Additionally, all data from floats and gliders must undergo rigorous quality control and correction of potential errors in sensors, such as drift and be compared to lab-measured samples when possible (Roemmich et al., 2019).


Given the performance of the models created here, it would be reasonable to expect that in combination with datasets from data collection via these platforms, one or both of pH and ΩArag could be estimated. Traditional Argos, as well as most gliders, have temperature and pressure (or depth) measurements, meaning ΩArag could be estimated using either of the two RF models with R
2 values of 0.94 and 0.97. With the addition of DO, which is included in a subset of the Argos and in the BGC-Argos, the ΩArag model with an R
2 of 0.98 could be applied. Additionally, the pH model with R
2 of 0.94 could be used; even though pH sensors are included in many BGC-Argos, the modeled results could provide robust data quality check capability.







Recommendations


The models developed in this study serve as valuable tools for reconstructing pH and ΩArag data in the absence of direct chemical observations, leveraging available hydrographic information. The models can also be used for hindcasting over a 10-year period (1997–2007) and for forecasting over the next ~10 years (2023–2033) in the nwGOM, if seasonality and watermass changes are adequately captured. Through modeling, our results showed that RF models do not have any distinct advantage over the MLR models which are commonly used. It is crucial to examine potential shifts in circulation, water mass composition, and anthropogenic CO2 accumulation to refine and update the models over time. Despite their robustness, several potential issues remain across all models, suggesting room for improvement, such as difficulties estimating target variables due to significant variation in the shallow and mixed layers, a need for additional data points, or the application of more complex models. Future work to enhance these models could involve incorporating additional data, as well as exploring the application of neural network AI models and locally interpolated regressions, such as those employed by Carter et al. (2021).
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The southwestern South Atlantic Ocean is an important global sink of atmospheric carbon dioxide (CO2), driven by increased primary productivity in a nearby region where oligotrophic warm currents converge with nutrient-rich cold waters. However, uncertainties remain regarding CO2 dynamics and the role of physical processes in CO2 uptake across this region. Here, we assess variations in surface partial pressure of CO2 (pCO2) and air–sea CO2 fluxes in the Southwest Atlantic, along a transect from the continental shelf to the open ocean at 34.5°S during austral autumn 2018 and winter 2019. High-resolution spatial measurements of the temperature, salinity, and molar fraction of surface CO2 were conducted. In autumn 2018, the shelf region acted as a source of CO2 to the atmosphere (median of 3.2 mmol CO2 m-2 d-1), which was partially offset by a sink (median of –2.5 mmol CO2 m-2 d-1) in the open ocean. In contrast, the entire transect in winter 2019 presented median CO2 emissions of ~1.5 mmol CO2 m-2 d-1, which differs from climatological estimates. The spatial and seasonal variations in surface ocean pCO2 were linked to variable hydrodynamic processes, including water masses and mesoscale structures. Our findings reveal that, in one of the most productive oceanic waters worldwide, pCO2 may be influenced by distinct continental inputs (e.g., rivers, runoff, and groundwater discharge) and water masses (e.g., Tropical Water, Plata Plume Water and Subtropical Shelf Water). Therefore, the local hydrodynamic processes can modulate high spatial and seasonal variability in CO2 exchange at the ocean–atmosphere interface, with potential implications for regional and global carbon budgets. General results, such as climatological, cannot fully capture the influence of regional upwelling and continental water input, which highlights the importance of high-resolution regional observations.





Keywords: air–sea CO2 fluxes, SAMOC, seasonality, partial pressure of CO2, subtropical South Atlantic Ocean, shelf region, open ocean







1 Introduction


Globally, the ocean is a net sink of carbon dioxide (CO2) in the atmosphere with a global average CO2 flux of ~2.9 ± 0.4 Pg C yr−1 from 2014 to 2023 (Friedlingstein et al., 2025). The coastal ocean accounts for a net CO2 sink with estimates ranging from –0.44 Pg C yr−1 to –0.72 Pg C yr−1 (Resplandy et al., 2024), but it presents a more spatially heterogeneous pattern, acting as either a source or sink associated with local processes, such as river plumes (Parc et al., 2024) and coastal upwelling (e.g., Lefèvre et al., 2023; Siddiqui et al., 2023).


The Atlantic Ocean, which includes both the continental shelf and open-ocean regions, accounts for ~25% of the global oceanic CO2 sink, corresponding to –393 ± 29 Tg C yr−1 (Roobaert et al., 2019). However, these estimates may be biased due to the lower frequency of high resolution spatial measurements in the South Atlantic Ocean than in the North portion (Bakker et al., 2016, 2024; Liu et al., 2025). The CO2 sink in the Southwest Atlantic Ocean (SWAO) is particularly intense, with estimates of −3.7 mmol m-² d-¹ south of 40°S (Bianchi et al., 2009). More recent climatologies for the broader SWAO report fluxes of ~–3 to –5 mmol m-² d-¹ for April and June, respectively near 35°S/54–44°W (Fay et al., 2024), where the circulation patterns influence sea surface temperature (SST) variability and subsequent physical processes, e.g., upwelling (Takahashi et al., 2009; Ito et al., 2016), fronts and eddies (Pezzi et al., 2005; Ito et al., 2016; Orselli et al., 2019).


In this context, the South Atlantic Meridional Overturning Circulation (SAMOC) is an important feature of the SWAO and redistributes mass, heat, salt, oxygen, nutrients and carbon across the ocean (Kersalé et al., 2020). It presents a dynamic and complex water mass structure, characterized by intense boundary currents and mesoscale eddies (Manta et al., 2021). In the SWAO, around 34.5°S, there is still limited data coverage (Meinen et al., 2018). Thus, in 2009 the SAMOC array was initially deployed at 34.5°S to monitor the meridional flow of the western boundary currents (Meinen et al., 2013, 2017). Additionally, the Brazil– Malvinas Confluence (BMC), around 38°S, introduces further variability by facilitating vertical mixing and supporting high biological productivity (Chelton et al., 1990; Moura-Falcão et al., 2024).


The SAMOC system directly influences the spatial and temporal variability of the partial pressure of CO2 (pCO2) at the sea surface (Boot et al., 2022), as it regulates the transport and distribution of different water masses, each with distinct physical−chemical properties. Fluxes of CO2 (FCO2) variability is known to be controlled primarily by pCO2; thus, understanding the drivers of pCO2 is crucial for determining the ocean carbon sink (e.g., Landschützer et al., 2016). In the SWAO shelf break and continental slope regions, the upper layer of the water column is dominated by two main water masses: the Tropical Water (TW) and South Atlantic Central Water (SACW) (Campos et al., 1995; Castro and Miranda, 1998; Silveira et al., 2000). The surface layer (0–100 m) of the tropical southwestern South Atlantic is dominated by the TW, a relatively warm and salty water mass with SST greater than 18.5°C and sea surface salinity (SSS) values greater than 36. It is characterized by being nutrient poor (Campos et al., 1995; Möller et al., 2008) and typically has high pCO2 values due to lower CO2 solubility and limited biological drawdown. The SACW occupies the central layer of the South Atlantic Gyre and upwells to the surface at ~23°S 42°W, exhibiting cooler and more saline characteristics than the surrounding water, with average SSS and SST values of ~35°C and 16–18°C, respectively. In contrast, this water mass is nutrient-rich (De Souza et al., 2018; Azar et al., 2021), increasing the pCO2 values. Two other important water masses are the Plata Plume Water (PPW) and Subtropical Shelf Water (STSW). Surface waters with a salinity of ~32.5 indicate the presence of PPW, which originates from the Plata River and reaches southern Brazil via wind-driven transport. The PPW, being freshwater diluted and nutrient rich, tends to promote high biological activity and CO2 uptake, reducing surface pCO2 (Lencina-Avila et al., 2016). In turn, the STSW consists of modified warm TW and SACW diluted by the PPW, which is characterized by SSTs less than 18°C and SSS values between 33 and 36 (Möller et al., 2008).


Despite global predictions of changes in ocean biogeochemistry under climate change (Sabine et al., 2004; Gallego et al., 2020; Matthews et al., 2020; Pérez et al., 2024), regional responses in the SWAO remain poorly understood. There is still a gap in the information needed to assess the regional impacts of climate change along the SWAO areas. Here, we present a unique high resolution dataset of underway surface pCO2 observations obtained during two oceanographic cruises in the austral autumn of 2018 and winter of 2019 — seasons that remain underrepresented in the literature. The temporal resolution and spatial coverage across the SWAO shelf and slope provide unprecedented detail on short-term variability in surface CO2 dynamics during cooler months, which are critical for understanding carbon fluxes driven by physical processes such as deep-water ventilation and mesoscale activity. By integrating continuous pCO2, SST, and SSS data with hydrographic and regional circulation patterns, this study extends the findings of Moura-Falcão et al. (2024) by offering new insight with high−resolution into the seasonal drivers of surface ocean pCO2 variability in a region of high biogeochemical and dynamic complexity. Furthermore, we discussed the regional hydrographic conditions, the air–sea CO2 fluxes, the mesoscale dynamics and their implications.






2 Materials and methods





2.1 Sampling strategy


The study area comprises the SWAO, over a longitudinal transect along 34.5°S latitude, from the coast of Brazil to 44.5° W (
Figure 1
). Data were acquired during two oceanographic campaigns onboard RV Alpha Crucis (Universidade de São Paulo, Brazil) between 23–30 April 2018 (austral autumn) and 17 June–2 July 2019 (austral winter) as part of the ‘South Atlantic Meridional Overturning Circulation Basin-wide Array’ project (Fundação de Amparo à Pesquisa do Estado de São Paulo - FAPESP; FAPESP; Chidichimo et al., 2021).


[image: Two-panel map showing oceanographic features. Panel A: currents around Brazil and the South American coastline with marked routes in red and blue. Panel B: location of SAMBAR research points near Patos Lagoon and Plata Estuary, with symbols representing data from 2018 and 2019 over varying ocean depths, indicated by a color gradient scale from 5 meters to 5000 meters.]
Figure 1 | 

(A) Idealized schematic of the overturning circulation in the Southwestern Atlantic Ocean with the location of the study area marked with a red-dotted rectangle. The lines, circles and arrows represent the pathways of the surface (red) and deep waters (blue) based on Chidichimo et al. (2023). (B) Map of the CTD sampling stations along the southwestern South Atlantic Ocean margin off the Brazilian coast. The sampling stations from the autumn of 2018 are represented by blue dots, and the sampling stations from the winter of 2019 are represented by red diamonds.








2.2 Surface seawater sampling


The surface hydrographic properties were measured using a Sea-Bird Electronics (SBE) 9plus conductivity–temperature–depth (CTD) profiler equipped with sensors for temperature, conductivity and pH during campaigns aboard the RV Alpha Crucis.


In the study area, SSS and SST data from the ship’s thermosalinograph (SBE 45 MicroTSG) were integrated into the continuous pumping system to determine the high-resolution spatial distribution of seawater pCO2 (pCO2SW) (Section 2.3). The SST and SSS errors of the CTD are ±0.00014 °C for SST and ± 0.002 for SSS. The pCO2 error is ± 2 µatm, according to Fernandes et al. (2025). We have named “continental shelf” all sampling stations where local bottom depth was equal or shallower than 200 m (region corresponding to stations 1 to 7) and the other sampling stations (8 to 23) are referred to as “open ocean”.






2.3 CO2 partial pressure calculations


For the acquisition of the ongoing molar fraction of CO2, a water–air equilibrator coupled to an infrared gas analyzer (IRGA)-type CO2 detector (EGM-4 Environmental Gas Monitor for CO2, PP Systems) was used along the entire trajectory of the ship. After data acquisition, we applied a treatment routine to correct for atmospheric pressure and water vapor partial pressure according to Weiss and Price (1980). In situ variations in temperature and internal equilibrator temperature were corrected following the methods of Takahashi et al. (2009). The initial results generated by the IRGA readings are in xCO2, which refers to the number of CO2 molecules in each number of air molecules. This estimate is generally used because a gas molecule in dry air tends not to change when there are variations in temperature and pressure.


There is also a necessary adjustment in relation to the in-situ temperature, as suggested by Takahashi et al. (1993). The value of 0.0423°C in Equation 1 is considered a constant and was determined by Takahashi et al. (2009).
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where T
in situ
= in situ surface temperature; Teq = seawater temperature in the balancer; (pCO2)eq = pCO2 in the balancer.


To remove the effect of the SST on the sampled pCO2 data, the data were normalized to the average SST during the sampling periods (autumn and winter). The average observed SST value for 2018 was 22.54°C (autumn), and in 2019, it was 17.88 °C (winter). The calculations follow the precepts indicated by Takahashi et al. (2002) and Takahashi et al. (2009) according to Equation 2:
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where SSTM = average temperature (°C) observed at the sea surface.


To calculate the CO2 diffusion rate at the ocean–atmosphere interface, FCO2 were calculated (Equation 3):
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where k = the gas transfer speed as a function of the wind speed; ko = the solubility of CO2 in sea water (according to Weiss, 1974); and (ΔpCO2)oc-atm = the difference between ocean pCO2 and atmosphere pCO2. The pCO2 in atmospheric equilibrium was assumed to be 405.295 μatm in autumn 2018 and 408.186 μatm in winter 2019. These values correspond to the monthly averages of the estimated atmospheric concentration in the mid-latitude range of the sampling, with uncertainty values of 0.178 μatm in 2018 and 0.075 μatm in 2019. These estimates were taken from the database of the U.S. agency National Oceanic and Atmospheric Administration (NOAA) for Greenhouse Gas Reference - Atmospheric Carbon Dioxide. Wind speed data were obtained continuously onboard from the Alpha Crucis meteorological station.


The difference in pCO2 (ΔpCO2) between the two compartments determines the direction of net transfer between the ocean and the atmosphere. The ratio between the viscosity and molecular diffusion rate is represented by k (Weiss, 1974). In this study, the calculated coefficients of k were compared between 3 works: Wanninkhof (1992); Nightingale et al. (2000); Wanninkhof (2014), which are represented as W92, N00 and W14, respectively. The equations used for k calculations are summarized in 
Supplementary Table S1
. Although W14 is a central choice, we also include other parameterizations (such as N00 and W92) (
Supplementary Tables S2
, 
S3
) to provide different perspectives/scenarios of the flux given the complexity of the region and to compare with other studies that might have used different parametrizations. The wind speed data fit these k and they have already been used in previous studies and have shown good representation for the region. The figures was performed in Ocean Data View software (ODV - Schlitzer, 2021).






2.4 Statistical analysis


Normality was not achieved, as indicated by the D'Agostino and Pearson (1973), even after data transformation. Therefore, non-parametric statistical methods were applied. Seasonal differences between autumn and winter within each region (continental shelf and open ocean) were assessed using multiple Mann–Whitney U tests (p < 0.05), resulting in six pairwise comparisons (
Supplementary Table S4
; 
Supplementary Figure S1
). To evaluate differences across both seasons and regions (four groups), the Kruskal–Wallis test was applied, followed by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to control the false discovery rate (FDR), totaling 18 comparisons (
Supplementary Table S5
; 
Supplementary Figure S2
). In addition, Spearman’s rank correlation analysis (p < 0.05) was conducted to examine the relationships among pCO2, SST, and SSS (
Supplementary Table S6
; 
Supplementary Figure S3
).






2.5 Oceanographic modelling data


Oceanographic modelling data of surface anomalies (SSH) and current velocity derived from satellite images were used to understand and compare ocean conditions and identify mesoscale structures between the autumn (2018) and winter (2019) periods in the southwestern Atlantic Ocean.


To investigate ocean dynamics and physical properties during the transect periods, we utilized global ocean physics reanalysis data from the Copernicus Marine Environment Monitoring Service (CMEMS) (https://resources.marine.copernicus.eu/). The dataset is derived from version v3.6_STABLE of the Nucleus for European Modelling of the Ocean (NEMO) model, which features a 1/12⤐ horizontal resolution (~9 km) and 50 vertical levels. Although only data from the SAMBAR transect periods were analyzed, reanalysis data are available from 1993 to 2019. The model’s initial conditions were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim and ERA5 reanalysis datasets, which incorporate data assimilation from altimetry, satellite-derived sea surface temperature, sea ice concentration, and in situ vertical profiles of temperature and salinity. In this study, we specifically used daily mean fields of sea surface temperature, sea surface height, and velocity. The selected model domain extends from 44°W to 59°W longitude and 30°S to 37°S latitude.


The CMEMS reanalysis dataset was selected due to its robustness, global coverage (e.g., Wang et al., 2023), and widespread use within the oceanographic research community. As described previously, the product is based on the NEMO model (v3.6_STABLE), which provides daily mean physical fields with sufficient resolution to analyze mesoscale ocean dynamics in the southwestern Atlantic Ocean. Notably, no interpolation or spatial resampling of the model output was performed. In addition, no direct validation was conducted compare the in-situ measurements and model data, as the primary objective of this study was not to assess model performance but rather to utilize the modeled fields as contextual support for interpreting the oceanographic patterns observed during the SAMBAR transect campaigns. Nevertheless, we recognize the limitations of the reanalysis product, such as the smoothing of fine-scale variability and the inability to resolve submesoscale processes, which were considered during the analysis and discussion of the results.







3 Results





3.1 Spatial and temporal distributions of physical–chemical parameters


Warmer (>21°C) waters during autumn 2018 dominated continental and open ocean areas up to approximately 47°W, and we found colder surface waters in the open ocean area (stations 18 and 21) (
Figure 2A
). On the other hand, during the winter of 2019, the SST in the open ocean area were patchy, with colder water intrusions. In addition, prominent cooler (<19°C) and fresher (<30) (
Figure 3B
) water extended over the continental shelf, identified as the PPW (
Figure 3B
). The CMEMS data clearly revealed a difference in the distribution of SSTs between autumn 2018 and winter 2019 across the study region (
Figure 2
). Similarly, the SST and SSS data from the thermosalinograph (
Supplementary Tables S2
, 
S3
) showed significant spatial and seasonal differences between the continental shelf and open ocean (Mann–Whitney, p < 0.05). Along these transects, the SST and SSS reached higher median values in autumn 2018 (22.5°C and 36.2) than in winter 2019 (20.5°C and 35.5) (
Supplementary Tables S2
, 
S3
).


[image: Two maps showing sea surface temperature (Celsius) along the South American Atlantic coast for 2018 and 2019. Map A: TSM - SAMBAR 2018 shows warmer temperatures between 18-28°C. Map B: TSM - SAMBAR 2019 shows cooler temperatures with a highlighted area of interest. Both maps include arrows indicating ocean current direction, with red circles marking specific points. Temperature gradients are shown with a color scale ranging from dark blue (14°C) to yellow (28°C).]
Figure 2 | 
Sea surface temperature (SST; °C) in the southwestern Atlantic Ocean during the (A) 2018 and (B) 2019 campaigns, derived from the CMEMS reanalysis. The SST data have a 9 km resolution and represent an 8-day average (April 23–May 1, 2018, and June 18–26, 2019). The grey contours indicate isobaths, whereas the red dots represent sampling stations from both campaigns over the continental shelf and open ocean. The arrows indicate the currents. The yellow circle indicates the presence of eddies.




[image: Two line graphs comparing sea surface temperature (SST) and sea surface salinity (SSS) during SAMBAR in Autumn 2018 and Winter 2019. Graph A shows warmer temperatures with a mix of PPW, STSW, and TW waters. Graph B shows cooler temperatures with more SACW influence. A color gradient from blue to red indicates temperature changes.]
Figure 3 | 
Continuous salinity (SSS) and sea surface temperature (SST; °C) data from the vessel’s thermosalinograph in the transect region during campaigns (A) in the autumn of 2018 and (B) winter of 2019. The water masses are indicated in the figure: Plata Plume Water (PPW), Subtropical Shelf Water (STSW), Tropical Water (TW) and South Atlantic Central Water (SACW).




For the SST and SSS, the surface seawater pCO2 significantly differed between the autumn of 2018 and winter of 2019 (Mann–Whitney, p < 0.05). The median pCO2 value in the winter 2019 (434 μatm) was higher (
Supplementary Table S3
) than that in the autumn of 2018 (380 μatm) (
Supplementary Table S2
). Moreover, there was a clear division (p<0.05) between the relatively higher (>450 μatm) pCO2 values on the continental shelf and the relatively lower (<400 μatm) pCO2 values in the open ocean waters at the continental slope in the autumn of 2018 (
Figure 4A
), with higher median in shelf waters (445 μatm) (
Supplementary Table S2
). On the other hand, during winter 2019, the pCO2 did not significantly differ spatially (p > 0.05), and both areas presented the same median (433 μatm) (
Supplementary Tables S2
, 
S3
). The same features are observed for the spatial variation in ΔpCO2 values (
Figures 4C, D
). In 2019 (winter), the median ΔpCO2 was 28 μatm both on the shelf and in the open ocean. During 2018 (autumn), the shelf region had a median ΔpCO2 of 39 μatm, whereas in the open ocean, it was –28 μatm. These results highlight strong seasonal and spatial patterns in the SST, SSS, and pCO2, while also indicating continental freshwater mixing — particularly in autumn—when cross-shelf gradients become less pronounced. Spearman correlation analyses indicated a negative correlation between pCO2 and the SST, as well as between pCO2 and the SSS. Both correlations were statistically significant at α = 0.05.


[image: Six-panel map showing South American coastal and marine data measurements for pCO2 and ΔpCO2 in 2018 and 2019 during autumn and winter. Panels A and B illustrate pCO2 variations, while C and D depict ΔpCO2 differences. Panels E and F present FCO2 in mmol per square meter per hour. Each panel uses a color gradient scale to represent different values on a map indicating depths ranging from 50 meters to 4000 meters.]
Figure 4 | 
Continuous (A, B) partial pressure of CO2 (pCO2; µatm), (C, D) difference between ocean pCO2 and atmospheric pCO2 (ΔpCO2; μatm) and (E, F) fluxes of CO2 (FCO2; mmol m–2 h–1) data in the transect region during the campaigns in the (A, C, E) autumn of 2018 and (B, D, F) winter of 2019. The grayscale shading represents the variation in bathymetry, with the shallowest areas being identified by darker grey and the deepest areas represented by lighter grey. The lines represent the isobaths.








3.2 SSH and ΔpCO2



The spatial distributions of the SSH and ΔpCO2 values significantly differed between the 2018 and 2019 campaigns (
Figure 5
). In 2018, a well-defined gradient was observed along the transect, with strongly positive (reddish tones) and negative (bluish tones) ΔpCO2 values. Notably, the westernmost portion of the transect predominantly indicated CO2 release to the atmosphere, whereas the eastern portion was characterized by CO2 uptake by the ocean. In contrast, during the winter of 2019, the ΔpCO2 gradient was less pronounced, with a predominance of positive values and near-equilibrium conditions with the atmosphere (white tones).


[image: Maps showing sea surface height (SSH) anomaly with partial pressure of carbon dioxide (pCO2) differences for SAMBAR 2018 and 2019. The color gradient represents pCO2 levels, with red indicating high and blue indicating low levels. The data covers the southwestern Atlantic Ocean, with coordinates ranging from 37 to 30 degrees south latitude and 57 to 45 degrees west longitude. A scale bar indicates pCO2 levels in microatmospheres and SSH anomalies in meters.]
Figure 5 | 
Map of the study region, showing the surface height anomaly (SSH; m) and continuous data of the difference between ocean and atmospheric pCO2 (ΔpCO2; μatm; https://resources.marine.copernicus.eu). The top map refers to the 2018 campaign (autumn), whereas the bottom map refers to the 2019 campaign (winter). The first bar indicates the variation in ΔpCO2 values along the transect (red, white, and blue), where red tones represent CO2 sources to the atmosphere, white tones indicate equilibrium, and blue tones denote CO2 uptake. The second color bar (orange, white and green) corresponds to SSH variations across the study area. The black contour lines represent temperature isolines (°C).




The variation in SSH, represented by green and red tones, suggests distinct ocean circulation patterns between the two analyzed years. In 2018, a positive SSH anomaly (> 0.2 m) east of the transect may have been associated with the influence of an oceanic feature, such as an anticyclonic eddy. In 2019, the more uniform SSH distribution indicated a weaker influence of mesoscale structures in the study area. Mesoscale dynamics, defined here as features with horizontal scales of ~10–100 km (Martínez-Moreno et al., 2022), were less evident during this period. Although a SSH anomaly was detected around 48°W, it likely represents a smaller-scale or transient feature rather than a well-developed mesoscale eddy.


The observed SSH anomalies were associated with ΔpCO2 variability, consistent with the influence of mesoscale structures. These results point to the importance of mesoscale circulation in driving surface CO2 variability in the SWAO.






3.3 Ocean–atmosphere CO2 fluxes


The shelf region acted as a weak source and the open ocean region acted as a CO2 weak sink during the autumn campaign (2018). The median FCO2 was 0.1 mmol CO2 m−2h–1 for the shelf and −0.1 mmol CO2 m−2h–1 for the ocean (Wanninkoff 2014 parameterization) (
Supplementary Table S2
). Although the shelf region acted as a source, when considering the entire transect, there was a weak CO2 sink with a median FCO2 of −0.1 mmol CO2 m−2h–1 (
Figure 4E
). The wind speed was constant throughout the autumn campaign, with overall median values of ~10 m s–1 (
Supplementary Figure S5a
). On the other hand, during the entire winter 2019 campaign, the region behaved as a weak CO2 source (
Figure 4F
), with some areas showing CO2 equilibrium between the ocean and the atmosphere along the transect. A relatively strong CO2 sink area was observed ~48°W, where wind speeds with 10 m s–1 were also observed (
Supplementary Figure S5b
).







4 Discussion





4.1 Hydrographic conditions in the southwestern Atlantic Ocean


The analyzed period exhibited SST and SSS patterns consistent with the water masses typically found in the southwestern Atlantic Ocean (Bianchi et al., 1993; Piola et al., 2000; Möller et al., 2008). The pattern of wind directions in the study region changed from predominantly northerly winds in autumn to predominantly southerly and southwesterly winds in winter (Möller et al., 2008). Our observed thermohaline properties indicated that the relatively fresher, cooler and nutrient rich PPW was more common off the Argentine–Uruguay coastal area in autumn, with the STSW covering the northern portion of the shelf.


The surface haline front (100–200 m) divides the outer shelf and the open ocean regions (Brandini et al., 2018). Warmer and more saline waters predominated on the shelf and in the open ocean up to approximately 47°W in autumn 2018, suggesting a lesser influence of PPW, allowing greater penetration of TW and STSW in the region. On the other hand, in 2019 (winter), a significant reduction in SST and SSS was observed on the continental shelf, indicating an expansion of the PPW (
Figure 3B
). This pattern is consistent with studies (e.g., Möller et al., 2008) that showed that the Plata River discharge and the consequent expansion of the plume are intensified in winter. During this period, the prevailing winds from the south and southeast favored the dispersion of less saline water to the north.


Additionally, the SACW was observed during the winter of 2019, between the STSW and TW in the open ocean area (
Figure 3
). The presence of cooler and less saline waters in winter is also associated with the displacement of the BMC to more northern latitudes (Combes and Matano, 2014). The BMC marks the meeting point between the warm and salty BC and the cold and less saline MC. During winter, the MC intensifies its influence on the shelf, promoting the cooling of surface waters and contributing to the intrusion of subantarctic water masses.


Although no direct comparison was made between the model outputs and the in-situ measurements — as model validation was not the aim of this work — the CMEMS modeled fields were useful for supporting the interpretation of circulation patterns and thermohaline structures observed across the shelf and open ocean. The limitations of the CMEMS fields were considered during the interpretation of results, and care was taken to avoid overinterpreting features below the model’s resolution capability. No interpolation was applied to the model fields, and only daily mean values were used as provided by CMEMS.






4.2 Distribution of pCO2



The median pCO2 concentration in the winter of 2019 (434 μatm) was greater than that in the autumn of 2018 (380 μatm). In addition, the behavior of the regions (continental shelf vs. open ocean) was different during the study period. The pCO2 was greater than that of open ocean waters in autumn 2018, while both areas presented the same median (433 μatm) during the winter of 2019. One of the factors associated with these variations may be associated with the SST. SST highly modulates pCO2 variations (e.g., Takahashi et al., 2009; 2014). In this region, Ito et al. (2016) reported that the thermal effect is the main factor controlling the solubility of CO2. However, several processes can stimulate seasonal variations in ocean surface pCO2 (e.g., respiration, production, carbonate dissolution, and precipitation) (Sarmiento and Gruber, 2006).


In autumn 2018, when the influence of the PPW was lower, the shelf had higher pCO2 values. The observed warmer and saltier water conditions suggest a lower renewal of water masses and the predominance of oligotrophic TW, which tends to have higher pCO2 values (Ito et al., 2016).



Lencina-Avila et al. (2016) and Ito et al. (2016) noted that less saline water (<30), which is rich in organic matter and nutrients, can considerably reduce pCO2 by stimulating primary productivity. The PPW is rich in nutrients and may play a key role in promoting phytoplankton blooms (Lima et al., 2019), as does the SACW (Pezzi et al., 2009). After blooms, these organisms produce organic matter and decompose, potentially generating carbon in the water (Carvalho et al., 2022). Similarly, Bordin et al. (2019) demonstrated that CO2-rich waters at the surface increase pCO2, even at lower temperatures. During the 2019 winter cruise, the combination of enhanced vertical mixing and the presence of SACW likely increased surface carbon, raising pCO2 despite cooler temperature. In this context, variations in total alkalinity further modulate the signal: lower total alkalinity in river-influenced sectors reduces buffering and amplifies pCO2, whereas higher total alkalinity locally mitigates it. This interpretation is consistent with the temperature-normalized patterns and with regional total alkalinity–salinity relationships documented by Albuquerque et al. (2025). Together, these findings suggest that the observed homogenization of surface pCO2 in winter of 2019 resulted from an interplay of physical mixing, biological processes, and carbonate chemistry. However, full seasonal studies are still required to confirm these dynamics, and a complete carbonate-system decomposition (e.g., Kerr et al., 2024) will be addressed in future work.






4.3 Ocean–atmosphere FCO2



Several authors have discussed the importance of the South Atlantic Ocean region in the absorption of atmospheric CO2 (e.g., Ito et al., 2016; Lencina-Avila et al., 2016; Padin et al., 2010). During the study period, the SWAO area behaved as both a sink and a source of CO2 to the atmosphere. In the autumn of 2018, the shelf region acted as a weak source, and the open ocean region acted as a weak CO2 sink. However, during the winter of 2019, the region behaved as a CO2 source with some areas showing CO2 equilibrium. In general, open ocean region behaves as an ocean CO2 sink in the SWAO, whereas the shelf region is considered a CO2 source for the atmosphere during all seasons (Ito et al., 2005; Arruda et al., 2015). The same was found in our study in the autumn of 2018. In contrast, the transect region acted as a weak source of CO2 to the atmosphere during the winter of 2019, except in the SACW observed areas (
Supplementary Tables S2
, 
S3
; 
Figure 4
). Lencina-Avila et al. (2016) reported that the continental shelf region acted as a sink for atmospheric CO2 during the spring of 2011 in the southwestern Atlantic Ocean, with a mean flux of −0.5 ± 0.2 mmol CO2 m−2 d −1 in the shelf region and −3.1 ± 2.2 mmol CO2 m−2 d−1 in the open ocean region. The values found in this study were in accordance with those in the literature (
Table 1
) (e.g., Padin et al., 2010). These seasonal contrasts highlight only the large dynamics of the study region due to the intensity of physical processes (Lencina-Avila et al., 2016).



Table 1 | 
Average or median air-sea fluxes of CO2 (FCO2; mmol CO2 m−2 d −1) with standard deviation or interquartile, season and year from several studies along 34.5°S and the surrounding area.





	Area

	Year

	Season

	FCO2 (mmol CO2 m−2 d −1)

	Reference






	Shelf region
	2018
	Austral autumn
	3.2 (1.6 – 9.9)
(W14)
	This study – 34.5°S



	2019
	Austral winter
	2.4 (1.0 – 5.2)
(W14)
	This study – 34.5°S



	2011
	Austral spring
	–0.001 ± 0.005
(W14)
	
Carvalho et al., 2021 – 35°S



	2011
	Austral spring
	–0.5 ± 0.2
(W92)
	
Lencina-Avila et al., 2016 – 35°S



	2010
	Austral spring
	0.0 ± 1.1
(W92)
	
Ito et al., 2016 – 34° to 34.9°S



	2000 to 2008
	Austral autumn
	−8.8 ± 7.4
(W92)
	
Padin et al., 2010 – 31° to 40°S



	Open ocean
	2018
	Austral autumn
	–2.5 (–3.8 – –1.1)
(W14)
	This study – 34.5°S



	2019
	Austral winter
	1.2 (–0.1 – 3.7)
(W14)
	This study – 34.5°S



	2011
	Austral spring
	–3.1 ± 2.2
(W92)
	
Lencina-Avila et al., 2016 – 35°S



	2000 to 2008
	Austral autumn
	−6.0 ± 5.8
(W92)
	
Padin et al., 2010 – 31° to 40°S







W14 and W92 correspond to the equations used by Wanninkhof 2014 and Wanninkhof 1992.




When compared to climatological estimates, our observations show broadly consistent magnitudes. For the open ocean region, Fay et al. (2024) reported climatological fluxes of ~ – 3 mmol m-² d-¹ in April (autumn) and ~ –5 mmol C m-² d-¹ in June (winter), with an annual mean flux at 35°S/54–44°W of –1.94 mol m-² yr-¹. However, our results diverge from these climatological means, particularly in winter of 2019 when a CO2 source was observed instead of the expected sink. This highlights that while climatologies are useful for large-scale generalizations, they may smooth out short-term or mesoscale variability, underscoring the importance of high-resolution regional observations to accurately represent local carbon dynamics, which are still sparse in this dynamic region (Affe et al., 2023).


The contrast in air–sea CO2 fluxes between the autumn of 2018 and winter of 2019 reflects the interplay among thermal structure, freshwater inputs, and wind forcing. The relatively warm surface temperatures (>21°C) and constant moderate wind speeds (~10 m s–1) likely maintained stratification and limited vertical mixing, while allowing for localized biological CO2 uptake offshore in autumn. In winter, however, colder waters and pronounced PPW intrusion (SST < 19°C; SSS < 30) spread over the continental shelf, altering surface water chemistry, as already observed by Albuquerque et al. (2025). Concurrently, stronger and more variable wind speeds (with values >15 m s–1) increased the gas transfer velocity and promoted deeper mixing, reducing the pCO2 gradient and leading to near-equilibrium conditions along the shelf region. The heterogeneity in the SST and SSS, also evident in CMEMS data, supports the influence of mesoscale dynamics and water mass mixing in shaping these seasonal differences. The heterogeneity in the SST and SSS, also evident in CMEMS data, supports the influence of mesoscale dynamics and water mass mixing in shaping these seasonal differences. During winter 2019, strong gradients of SST and SSS along ~36–38°S (
Figure 2
) were linked to frontal zones and cyclonic eddies, while at ~34–35°S (
Figure 3
) the influence of PPW further contributed to the observed variability.


Surface pCO2 distribution with a similar spatial structure farther south in the SWAO was also reported along the COSTAL-AR section (Berghoff et al., 2023), where three distinct systems were identified. Their study found significant differences in FCO2 between these domains and in different seasons. In both cases, high average FCO2 values were observed in the coastal zone, with minimum values occurring near the shelf-break front, followed by an increase in offshore waters. These observations support the hypothesis that horizontal gradients in pCO2 are shaped by shelf−ocean exchange and frontal dynamics and reinforce the idea that the shelf-break may act as a biogeochemical transition zone. Our findings align with this spatial pattern, particularly the tendency for lower pCO2 and fluxes near the open ocean in the autumn of 2018 and more homogenized values in winter of 2019.


The observed pCO2 dynamics reinforce the variable behavior of the southwestern Atlantic Ocean, which can act as both a sink and a source of CO2, tending towards CO2 equilibrium, depending on the season and the dominant processes. Lefèvre et al. (2010) highlighted this variability, indicating that the waters of the South Atlantic Ocean respond rapidly to changes in water masses and the influence of the BMC. Furthermore, this seasonal variation alternating between periods of CO2 uptake and release depends on the SST, riverine influence and upwelling (Landschützer et al., 2016).


In addition, lower temperatures can promote the uptake of CO2 through the solubility pump. This process may have contributed to the in gassing of CO2 in the open ocean region during both seasons, as demonstrated by Ito et al. (2005) and Lencina-Avila et al. (2016).


The coastal zone receives larger inputs of nutrients and organic matter because of the greater contribution from the continent (rivers, runoff, and groundwater discharge) (Möller et al., 2008). In addition to the influence of the plumes of the Plata River and Patos Lagoon on the supply of nutrients, Carvalho et al. (2021) reported that physical instability at the water surface and relatively cold water tend to increase phytoplankton permanence in the euphotic zone and favor the dominance of diatoms close to 35°S latitude. Therefore, high pCO2 values are generally observed in shelf water and waters and are influenced by both the physical dynamics of the BC and biological processes (Ito et al., 2016). While photosynthesis tends to lower pCO2, respiration and remineralization in productive shelf environments often enhance carbon concentrations and increase pCO2 values. In the SWAO shelf, this balance is further modulated by nutrient supply from upwelling and riverine input, which can stimulate biological production and subsequently reduce pCO2 at longer timescales. Our observations suggest that, during the study period, the net effect of physical dynamics and remineralization dominated, leading to higher pCO2 in shelf waters. Furthermore, carbon inputs from continents may be associated with groundwater from Patos Lagoon, since records in this region of groundwater discharge represent a potentially important source of dissolved nutrients to the coastal ocean (Souza et al., 2021). Once on the coast, this groundwater can mix with the PPW and influence the pCO2.


Upwelling and deep mixing processes can indeed contribute to the elevated pCO2 values observed in winter. These processes bring subsurface waters, enriched in carbon due to remineralization at depth, to the surface. The excess of carbon increases surface pCO2, often offsetting the cooling effect that would otherwise lower pCO2 in winter. Moreover, the stronger winds typical of this season enhance vertical mixing and air–sea gas exchange, favoring CO2 outgassing. The formation of the western SACW in this area enhances this effect (Liu and Tanhua, 2021). Similar mechanisms have been described for other upwelling systems and regions influenced by the SACW (e.g., Ito et al., 2016; Azar et al., 2021). Thus, the high pCO2 observed during our winter cruise may reflect the combined effect of deep-water ventilation and physical forcing.


Hydrodynamic processes, including mesoscale eddies, influence the regional variability in surface ocean pCO2 (Orselli et al., 2019). Along the transect, in both campaigns, the normalized pCO2 results indicate that this parameter is strongly dependent on the SST. The presence of cyclonic eddies in the region (
Figure 2
), detected from satellite-derived current velocities, suggests that these structures may be associated with variations in pCO2. Cyclonic eddies are characterized in the Southern Hemisphere by clockwise rotation and low-pressure centers, displacing the isopycnals upwards, thus presenting a typical signature of cooling of the sea surface (e.g., Azevedo and Mata, 2010; Talley et al., 2011). Therefore, they are associated with negative heat flux anomalies, which means that in the regions where they can be identified, the ocean takes up heat from the atmosphere and thus tends to cool the atmospheric boundary layer (Villas Bôas et al., 2015). Furthermore, the solubility of CO2 in seawater is greater when the water is cold and less salty. Consequently, cyclonic eddies increase the solubility of CO2 (
Figure 2
) (Smith et al., 2023), changing the pCO2 values, where cooler SST within the eddy core coincided with higher pCO2 compared to surrounding waters.






4.4 Mesoscale dynamics


The surface velocity field significantly differed between the two campaigns. In 2018, the BC region displayed more intense activity, extending its influence farther south to the BMC region. Upon reaching the BMC, the BC underwent retroflection, generating a coastward jet that changes course northwards near 48°W, reaching the SAMBAR transect. In 2019, the BC region was weaker than that in 2018, and the velocity field along with the sea surface height anomaly was characterized by multiple smaller vortical structures (
Figure 5
). Two cyclonic eddies, centered at 51°W 36°30’S and 48°W 35°30’S, present temperatures lower than 18 °C. This spatial variation suggests the influence of physical processes, such as upwelling and horizontal advection. Thus, the BC ocean boundary and its anticyclones are associated with positive sea surface height anomalies. Additionally, cyclonic vortices are characterized by negative sea surface height anomalies (Angel-Benavides et al., 2016; Carvalho et al., 2019) due to the upwelling of cold water (McGillicuddy and Robinson, 1997) and consequent thermal contraction in their interior. This spatial variation suggests the influence of physical processes, such as upwelling and horizontal advection.



Lencina-Avila et al. (2016) identified vortices in the region (open ocean) that promote the absorption of atmospheric CO2 through vertical and horizontal mixing processes and suggested the influence of frontal structures along the subtropical convergence region. This agrees with the results of this study for the open ocean in both periods. This finding reinforces our suggestion that mesoscale structures influence pCO2 dynamics in the study area along 34.5°S. Furthermore, Orselli et al. (2019) reported that eddies in the Agulhas region act as CO2 sinks in the South Atlantic Ocean. The authors explain that cyclonic structures can act in the upwelling of CO2-rich water masses, behaving as a source of CO2 to the atmosphere, despite the presence of anticyclonic vortices acting as CO2 sink zones. This means that the presence of a vortex near the transect region may affect the sink capacity of the southwestern Atlantic Ocean. However, a more detailed investigation should be performed to verify this conclusion.







5 Conclusion


In this study, the variations in surface ocean pCO2 and net CO2 fluxes at the ocean–atmosphere interface at 34.5°S in the SWAO during the autumn of 2018 and winter of 2019 were evaluated. Water mass distributions and physicochemical properties on the sea surface, which are strongly associated with seasonal variation, were considered in the spatial assessment of pCO2. The shelf region acted as a source, whereas the open sea tended towards a weak sink of CO2 in the autumn of 2018. In the winter of 2019, CO2 was predominantly weakly released into the atmosphere, both in the open ocean and on the continental shelf, while it was expected that it would act as a sink. In addition, a relatively strong CO2 sink area was observed ~48°W, where wind speeds with 10 m s–1 were also observed. This highlights that while climatologies are useful for largescale generalizations, they may smooth out short-term or mesoscale variability, underscoring the importance of high-resolution regional observations to accurately represent local carbon dynamics. This study contributes to the understanding of how different mechanisms lead to CO2 exchanges in the outer shelf and open ocean waters in the southwestern Atlantic Ocean. This knowledge provides support for establishing the influence of each factor involved in carbon exchange (e.g., thermal effects and hydrodynamic processes) while considering spatial and seasonal gradients, in addition to contributing to the quantification of the global carbon cycle. For this reason, we suggest further studies of biogeochemical parameters to better understand the variation in pCO2 and its influences.
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Coral reef development is influenced by a wide variety of factors, including temperature, salinity, nutrient concentrations, and carbonate chemistry. Studies focusing on physicochemical drivers of coral reef distribution and composition in the Eastern Tropical Pacific (ETP) are scarce, and carbonate chemistry and nutrient data for this region are limited. This study measured coral reef composition and physicochemical parameters along the Pacific coast of Costa Rica, over a one-year period at three locations: Santa Elena and Matapalo in the north, and Parque Nacional Marino Ballena in the south. Our results show high seasonal and spatial variability of physicochemical conditions with significant differences mainly explained by inorganic nutrient concentrations, with driving processes also having a strong influence on the variability of carbonate chemistry parameters. Coastal upwelling is the main driver of the seasonal variability in Santa Elena. Comparison of seasonal dissimilarity within locations confirms the presence of a geographical gradient, with stronger influence of the upwelling in Santa Elena relative to Matapalo, where several parameters displayed a lower seasonality and a carbonate system that supports reef development throughout the year. Conversely, in Marino Ballena the river discharges during rainy season exerted a strong control on the seasonal variability. The integrated analysis of coral reef composition and physicochemical parameters suggests that in addition to inorganic nutrients carbonate chemistry also plays a key role in coral distribution. Analyzing the spatial distribution of the main reef builders provides insights into the species-specific tolerance to varying conditions. Pavona clavus is widely distributed in both the northern and southern locations, suggesting that this massive coral is very tolerant to the high variability of physicochemical conditions. The dominant corals in the north (Pavona gigantea and Pocillopora spp.) are highly tolerant to nutrient-enriched cold waters with low aragonite saturation, while one of the main reef-builders in southern locations (Porites cf. lobata) cope better with low salinity, low aragonite saturation and low light intensity caused by river discharges. Understanding the preferences of individual coral species at our study locations can shed light on the environmental factors driving coral reef distribution in other locations of the ETP.
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1 Introduction


Eastern Tropical Pacific (ETP) coral reefs extend from Mexico to northern Peru and are characterized by their small size and simple structure with discontinuous distribution. The relatively low diversity of corals in the ETP was increasingly attributed to the prevalence of extreme physical conditions along this coast (Dana, 1975; Cortés, 1997; Glynn et al., 2017a). Eastern boundary upwelling systems limit expansion of coral reefs in the north (California Upwelling system) and towards the south (Humboldt upwelling system). In between, major local wind-driven upwellings occur off Mexico in the Gulf of Tehuantepec, at the border between Nicaragua and Costa Rica in the Gulf of Papagayo (Papagayo upwelling) and in the Gulf of Panama (Panama upwelling). These wind-driven upwelling systems have a strong influence on the local physicochemical conditions in the ETP, particularly by lowering seawater temperature and increasing the availability of chlorophyll and inorganic nutrients (Fiedler and Talley, 2006; Lavín et al., 2006). Although less studied, it is also known that they drive changes in carbonate chemistry parameters. For example, during dry season the Panama upwelling produces a significant increase in total alkalinity (TA) and total dissolved inorganic carbon (DIC) of coastal waters in the Gulf of Panama, with the subsequent significant decrease in pH and aragonite saturation state (Ωa) (Manzello et al., 2008; Manzello, 2010b). Only one study carried out over a 29-hour period in 2009 has measured carbonate chemistry parameters within the Gulf of Papagayo, reporting a sharp decrease in DIC, pH and Ωa during the development of an upwelling event (Rixen et al., 2012). Additionally, the climate anomaly El Niño Southern-Oscillation (ENSO) strongly influences the upwelling conditions in the ETP (Fiedler and Lavín, 2017; Glynn et al., 2017b). During negative ENSO episodes known as El Niño, upwelling weakens, causing seawater temperatures to increase above the average. In the past, ENSO-induced warming events have caused bleaching and significant coral mortality in the Gulf of Papagayo (Jiménez et al., 2001). Conversely, positive ENSO episodes referred to as La Niña intensify local upwelling conditions.


Along the Pacific coast of Costa Rica, coral reef formations are restricted to northern and southern locations (Cortés and Jiménez, 2003; Cortés et al., 2010; Cortés, 2016), while in the middle sections of the littoral scleractinian corals appear as single colonies or in sparse coral communities. Near the coastline, branching corals of the genus Pocillopora built important reef structures in northern locations within the Gulf of Santa Elena and Gulf of Papagayo (Jiménez, 1997, 2001a; Jiménez et al., 2010; Méndez-Venegas et al., 2021), and smaller patch reefs in southern locations near Corcovado and Golfo Dulce (Guzmán and Cortés, 1989; Cortés, 1990; Cortés and Jiménez, 1996). The presence of massive species varies from north to south, with Pavona gigantea, Pavona clavus and Gardineroseris planulata as the main reef builders in the north, while Porites cf. lobata is the main reef-building coral in the south (Cortés, 1990; Jiménez, 2001a; Alvarado et al., 2005).


This observed longitudinal coral distribution (summarized by Cortés and Jiménez, 2003; Glynn et al., 2017a) raises the question of which environmental driver(s) regulate the reef development along this gradient. To address this question, we measured total alkalinity (TA), dissolved inorganic carbon (DIC), temperature, salinity and inorganic nutrient concentrations at three locations along the coast during the dry and rainy season. The selection of these physicochemical parameters responds to their natural variability along this coast due to different processes. For instance, seawater temperature, nutrients and carbonate chemistry are influenced by the Papagayo upwelling, which strongly affects northern locations (Alfaro et al., 2012; Fernández-García et al., 2012; Rixen et al., 2012). In contrast, seasonal changes in river runoff, which impact the southernmost locations, are likely to have a greater effect on nutrient concentrations and salinity (Alvarado and Aguilar, 2009; Alvarado et al., 2009), and likely in the carbonate chemistry during rainy season. In addition to the five physicochemical parameters measured during the study, percentages of benthic community composition were quantified in coral reefs at each location. The main goal of this study was to identify the key physicochemical factors controlling coral reef distribution and species composition at the local scale. Moreover, the specific objective of characterizing seawater carbonate chemistry will enhance baseline information within the ETP. The compiled data allowed the spatial and seasonal comparison of physicochemical conditions and coral reef status, to elucidate which factors can be controlling the differences of the benthic community structure along the Costa Rican Pacific coast.







2 Materials and methods





2.1 Study locations


To answer our research question about the environmental drivers controlling coral reef development and distribution along the Costa Rican Pacific coast, three study locations were chosen based on the presence of coral reefs, which are restricted to northern and southern locations (Cortés and Jiménez, 2003; Cortés et al., 2010; Cortés, 2016): Santa Elena and Matapalo in the north and Parque Nacional Marino Ballena in the south (also referred to as Marino Ballena in this paper) (
Figure 1
). The number of sampling sites in each location was determined by the presence of coral reef formations. A total of four reefs were selected in Santa Elena (Bajo Rojo: 10.95769, -85.73400; Matapalito: 10.93633, -85.79385; Pochote: 10.93151, -85.80002; Cabros: 10.942267, -85.81363), one in Matapalo (10.53922, -85.76553) and three in Marino Ballena (Tómbolo: 9.14481, -83.75819; Bajo Mauren: 9.11258, -83.74092; Tres Hermanas: 9.10408, -83.70686) (
Table 1
).


[image: Map of Costa Rica showing key areas: Santa Elena (red box with three red dots), Matapalo (green box with one green dot), and Marino Ballena (blue box with three blue dots). The map includes the Pacific Ocean, Caribbean Sea, and neighboring countries, Nicaragua and Panama. A compass rose and scale bar are included.]
Figure 1 | 
Study areas. Studied locations along the north (Santa Elena, Matapalo) and south (Marino Ballena) Pacific coast of Costa Rica. Circles indicate the sampling reefs in each location (close = water sampling + benthic survey, open = only water sampling).





Table 1 | 
Samples were collected for eight consecutive days in each location over rainy (July-August 2013) and dry (January-February 2014) season. The reefs sampled are listed in each location and sampling dates are displayed in square brackets.





	Location/reefs

	Non-upwelling [rainy season 2013]

	Upwelling [dry season 2014]

	Total






	Santa Elena
- Bajo Rojo
- Matapalito
- Pochote
- Cabros
	[7–14 August]
31
13
15
16
	[5–13 February]
31
16
9
7
	138



	Matapalo
	[29 July-5 August]
32
	[20-21 & 23–28 January]
28
	60



	Marino Ballena (3)
- Tombolo
- Bajo Mauren
- Tres Hermanas
	[18–25 August]
18
30
28
	[10–15 January]
9
9
9
	103







Samples were collected for eight consecutive days in each location over rainy (July-August 2013) and dry (January-February 2014) season. The reefs sampled are listed in location and sampling dates are displayed in square brackets.




Most coral reefs in northern locations are directly exposed to the seasonal upwelling of Papagayo and are built by branching species (Pocillopora spp.), although there are also reefs that consist of massive corals (Pavona spp.) (Cortés, 1997; Jiménez, 1997, 2001a; Cortés et al., 2010). Two of the study locations selected for this project are located within the Gulf of Papagayo, as both display important reef formations built by different coral species. In southern locations, where the seasonal upwelling is absent, Marino Ballena features several coral communities and coral reefs built by Porites cf. lobata and P. clavus (Alvarado et al., 2005, 2006; Cortés et al., 2010). Golfo Dulce, which is also located in the south and has coral reefs primarily built by Porites cf. lobata (
Cortés, 1990
), was intentionally excluded from this study. The reason relies on the fact that Golfo Dulce is a tectonic basin with an anoxic layer (Vargas-Zamora et al., 2021), therefore this unique oceanographic condition would have made challenging its comparison with the other locations.


The climate on the Pacific coast of Costa Rica features two well defined seasons, although their timing shows slight variations by location. In the north Pacific, the dry season runs from December to March while the rainy season occurs from May to November (Cambronero-Solano et al., 2021). In contrast, the dry season in the south Pacific is somewhat shorter, lasting from January to March, with the rainy season extending from May to December (Instituto Metereológico Nacional (IMN), 2008). In both regions April serves as a transition period between seasons. In the Gulf of Papagayo, major changes in seawater temperature, nutrient concentration and other physicochemical parameters occur mostly in pulses during the development of the upwelling events over the dry season (Alfaro et al., 2012; Fernández-García et al., 2012; Stuhldreier et al., 2015; Cambronero-Solano et al., 2021). Santa Elena is located in the northernmost section of this gulf and is thought to experience a strongest influence from the seasonal upwelling compared to Matapalo, which is located in the southernmost section of Papagayo. A previous study compared the seasonal changes of physicochemical parameters between these locations, reporting that the upwelling intensity is greater in Santa Elena than in Matapalo, characterized by a decrease in seawater temperature and increase in inorganic nutrient concentrations during the dry season (Stuhldreier et al., 2015). Conversely, during the dry season in Marino Ballena, seawater temperature and salinity increase, while the rainy season leads to higher sedimentation and nutrient levels, along with decreased seawater temperature and salinity (Alvarado and Aguilar, 2009; Alvarado et al., 2009).


Fieldwork for this research was conducted under the research permits No. 028-2013-SINAC and No. SINAC-SE-GASP-PI-R-096-2013, issued by the Sistema Nacional de Áreas de Conservación (SINAC), Ministry of the Environment, Costa Rica.






2.2 Water sampling


The seawater sampling was designed to capture the variability of physicochemical parameters in each location, not within reefs. At each location, water samples were collected during rainy (July-August 2013) and dry (January-February 2014) season (
Table 1
). Being aware that the Papagayo upwelling is wind-driven and can fluctuate significantly on weekly or daily timescales, the season sampling at each location was conducted during several days in a row. The sampling period per season ranged between 6–8 days in each location, depending on logistics, with the number of sampling days as replicates per season. When possible, samples in each reef were collected at two different tides and depths per day. Sampling depth ranged from 0.5 m below the surface to 11 m, based on the reef depth, tide and sea conditions. Sampling depth was not consistent across reefs, because water column depth varied with the tide range and the sampling hour. Samples were collected at different times of the day, from 05:30 to 16:30, depending on the tide cycles. The sampling was carried out as close as possible to the tide’s peak, but there was a variability in the time of sampling due to the distance between reefs (time required to move from one reef to the next one) and other logistics. In some specific dates, not all reefs were sampled in Santa Elena or Marino Ballena, due to restrictive working conditions such as rough sea or fishing gear deployed near the reef. Additionally, in particular days, samples were collected only at one depth (near the surface or bottom indistinctly) or one tide (low or high indistinctly), due to limited amount of sampling bottles, the availability of boats for sampling (in Matapalo and Marino Ballena most sampling was done taking advantage of touristic trips), the navigation conditions or the distance between reefs.

Sampling was carried out with a 10 L volume Niskin bottle following best practices guidelines for ocean CO2 measurements (Dickson et al., 2007). Discrete water samples for determination of carbonate chemistry parameters were collected in 250 mL air-tight borosilicate bottles, fixed immediately after collection with 200 μL of a 50% saturated HgCl2 solution (35 g L-1 HgCl2) and stored cold until analysis. Nutrient samples were filtered in the field through a 0.45 𝜇m pore size filter and frozen until analysis. Samples for salinity determination were collected in 50 mL plastic bottles and measured in the laboratory with a WTW probe (Cond3310). Seawater temperature (SWT) was measured in situ with HOBO®Pendant Temperature data loggers at Bajo Rojo and Matapalo (10–15 min intervals in dry season between December 2013 and January 2014 and every 30 min during rainy season). The SWT value used was the one recorded the closest to the seawater sampling time. In all the other reefs (Cabros, Matapalito, Pochote, Tómbolo, Tres Hermanas and Bajo Mauren) SWT was also measured in situ, with a WTW probe (Cond3310).







2.3 Reef surveys


To characterize the composition of the benthic community and the main coral reef builders at each location, percentages of benthic coverage were quantified across several reefs. Benthic surveys were carried out at three reefs in Santa Elena (Bajo Rojo, Matapalito, Cabros), one in Matapalo (Matapalo) and one in Marino Ballena (Bajo Mauren) (
Figure 1
). Due to fieldwork logistics and the fact that we did not intend to study the temporal changes in benthic community composition, reef surveys were conducted at one time point during dry season (
Table 2
). Data from different reefs were averaged by location. Benthic surveys were conducted following the chain method (Rogers et al., 1994) with five replicates per transect. A 10 m length chain with a known number of links (n = 532) was laid on top of the reef following its contours; nine categories (live coral at species level, dead coral, bleached coral, macroalgae, coralline algae, turf algae, substrate, cyanobacteria and others) were used to quantify the benthic composition under each link. Afterwards, the corresponding number of links for each category was converted to relative benthic cover.



Table 2 | 
Surveys were carried out in dry season between January and February 2014, with 10 m length chain transects and five replicates per site. The location of each reef is noted in squared brackets; SE = Santa Elena; MAT = Matapalo; MB = Marino Ballena. See 
Figure 1
 for reference of study locations.





	Reef

	Sampling period

	Transects (n)






	Bajo Rojo [SE]
	February 2014
	5



	Matapalito [SE]
	February 2014
	5



	Cabros [SE]
	February 2014
	5



	Matapalo [MAT]
	February 2014
	5



	Bajo Mauren [MB]
	January 2014
	5







Surveys were carried out in dry season between January and February 2014, with 10 m length chain transects and five replicates per site. The location of each reef is noted in squared brackets; SE, Santa Elena; MAT, Matapalo; MB, Marino Ballena. See Figure 1 for reference of study locations.








2.4 Laboratory measurements


Total alkalinity (TA) and dissolved inorganic carbon (DIC) were measured with a VINDTA 3C system (Versatile instrument for the determination of total dissolved inorganic carbon and titration alkalinity), coupled with a UIC CO2 coulometer (model CM5015) and a METROHM©Titrino (model 716 DMS). Instruments were calibrated with Dickson Certified Reference Material (Batch 127) (Dickson et al., 2003). The pH, aragonite saturation state (Ωa) and fCO2 were calculated with CO2SYS as a function of measured parameters (TA, DIC, salinity, nutrients and SWT), with dissociation constants of Mehrbach et al. (1973) for carbonic acid as refit by Dickson and Millero (1987), and Dickson (1990) for boric acid.
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) were measured through a reagent-based method with a Lachat′sQuikChem© 8500 Series 2 Flow Injection Analysis (FIA) System, following the Standard Operation Procedure from Centro de Investigación en Ciencias del Mar y Limnología (CIMAR) of the University of Costa Rica (PON Nut-08).






2.5 Meteorological data


Meteorological data (rainfall and wind speed) were provided by the Instituto Meteorológico Nacional, from two stations located in the North Pacific (Santa Rosa and Liberia) and two in the South Pacific (Barú and Damas). Wind speed (m/s) and rainfall (mm) data used in this study corresponded to the same dates as the seawater sampling. Wind speed data corresponds to hourly averages and rainfall to daily values measured at each station. The values of wind speed used in this study corresponded to hourly averages closest to the seawater sampling time, and for rainfall values we used the daily value.






2.6 Data analysis


For a general comparison of the physicochemical and meteorological conditions during this study,
all values were averaged by location and season (
Supplementary Table S1
). General statistical differences of physicochemical and meteorological parameters between locations (annual scale) and season were tested by Kruskal-Wallis. For statistical comparisons of carbonate chemistry, we used the salinity-normalized values (nTA, nDIC) (Equation 1):
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where S is the measured salinity value of the sample.


Spatial and temporal variations in physicochemical parameters, as well as benthic community composition, were analyzed using the software programs PRIMER 7, R and PAST. The meteorological data was excluded from these statistical analyses and we expand on this at the end of this section. Moreover, to characterize the variability of the physicochemical conditions of the water column at each location, samples collected at different depths during the same tide were averaged together for each reef, as the sampling depth varied across the reefs. This averaging strategy avoid losing the seasonal replication of measured (SWT, salinity, phosphate, nitrate, nitrite, silicate, ammonium, TA, DIC) and calculated (pH, fCO2, Ωa) physicochemical parameters. Prior to analysis, the physicochemical parameters were log-transformed and standardized, and resemblance matrices were built using Euclidean distances. Differences in physicochemical parameters among locations and seasons were tested with a nested Permutational Multivariate Analysis of Variance (PERMANOVA), including season, location and tide as fixed factors, and reef as a random factor nested within location. Additionally, when the main test indicated significant differences, PERMANOVA pairwise comparisons were conducted. A Similarity Percentage Analysis (SIMPER) was also performed to identify which parameters contributed the most to the observed differences between locations and seasons. To visualize patterns in physicochemical parameters, box-plots and Principal Component Analysis (PCA) were used.


To estimate the general contribution of the main processes driving the carbonate chemistry in our study locations on an annual basis, we did a simple linear regression analysis for each location and used an approach proposed by other authors (Albright et al., 2013); considering that net organic carbon production (photosynthesis-respiration) and net inorganic carbon production (calcification-dissolution) affect TA and DIC differently (Suzuki and Kawahata, 2004). According to the theoretical stoichiometric relationship between these processes and TA and DIC, for every mole of calcium carbonate (CaCO3) produced, DIC decreases by two moles and TA decreases by one mole. In contrast, for every mole of organic carbon produced via photosynthesis, one mole of DIC is consumed while TA remains unchanged (Albright et al., 2013). Therefore, the slope of the simple linear regression (nDIC vs. nTA) indicates the general balance between the net inorganic and organic carbon production at each location. The ratio between these processes (inorganic carbon production:organic carbon production) is given by Equation 2, where m is the slope of the nDIC-nTA relationship (Albright et al., 2013):
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In Equation 2, a ratio < 1 points out to a system mainly controlled by organic processes. Conversely, a ratio > 1 indicates that inorganic processes are the main drivers of the system. Further data is needed to identify which specific processes (photosynthesis, respiration, calcification or dissolution) control the overall carbonate system, but this falls outside the objectives of this study.


For analysis of the benthic community composition, differences in percentages of benthic coverage between locations were tested with a nested PERMANOVA, including location as fixed factor and reef as a random factor nested within location. To reduce the influence of dominant taxa, benthic coverage data were fourth-root transformed prior to calculating a Bray-Curtis resemblance matrix. Average coverage values for each benthic category were calculated per location, followed by estimations of the Shannon-Wiener diversity index (H’) and Pielou’s evenness (J’) to evaluate community diversity and distribution.


Finally, it is important to note that meteorological data were obtained from the nearest inland stations to our study areas, which do not measure the exact conditions at our sampling locations. Santa Rosa meteorological station (10.84111, -85.61944) for example, is about 20 km southeast from Santa Elena; Liberia station (10.83889, -85.55222) is about 25 km west from Matapalo; while Barú station (9.27139, -83.88139, rainfall) and Damas station (09.49528, -84.21472, wind speed) are located about 18 km and 70 km northwest from Marino Ballena, respectively. For this reason, we have used wind speed and rainfall data to explain general patterns and tendencies during sampling periods, but not for direct statistical correlations with the physicochemical parameters. Statistical differences of meteorological conditions between locations and season were tested by Kruskal-Wallis.







3 Results





3.1 Environmental parameters


Results of the nested PERMANOVA indicate that physicochemical conditions are significantly different between locations (Pseudo-F = 45.77, P(perm) = 0.003, perms = 8769) and between seasons (Pseudo-F = 38.63, P(perm) < 0.001, perms = 9941). Conversely, tide (Pseudo-F = 0.25, P(perm) = 0.779, perms = 9949) and reef (Pseudo-F = 1.28, P(perm) = 0.201, perms = 9899) did not have a significant effect in these parameters, suggesting that the tide cycle is not relevant for the changes in physicochemical conditions and that the variability within each location is not as important as the variability between locations and seasons. A comparison of the variability of physicochemical conditions on the annual scale indicates that within northern locations, Santa Elena reefs are exposed to a high variation with extreme values either end (
Figure 2
, 
Supplementary Table S1
); while the variability in Matapalo is lower, particularly for salinity, temperature and carbonate chemistry parameters.


[image: Box plots showing data for salinity, temperature, nTA, nDIC, pH, fCO2, Ω_a, phosphate, silicate, ammonium, nitrite, and nitrate across three groups: SE, MAT, and MB. Each plot displays median values, quartiles, and outliers, with variations among the groups visible.]
Figure 2 | 
Variability of physicochemical conditions along the Pacific coast of Costa Rica. Annual mean values of physicochemical parameters from the study locations indicate a high spatial variability in seawater conditions, related to the distance from the upwelling of Papagayo. SE = Santa Elena; MAT = Matapalo; MB = Marino Ballena. See 
Figure 1
 for the study locations.




Pairwise tests suggest that the strongest differences in physicochemical conditions occur between the northernmost and the southernmost location (Pseudo-t = 9.53, P(perm) = 0.013, perms = 4322). Santa Elena displays the greatest internal variability, whereas Marino Ballena exhibits the most homogeneous conditions. Seasonal comparisons indicate significant differences between the rainy and the dry season (Pseudo-t = 6.22, p < 0.001, perms = 9940), with physicochemical parameters showing more heterogenous conditions during the dry season.


Average (± standard deviation) of measured parameters by location, independent of seasons,
showed that in the northernmost location (Santa Elena) the coastal waters are cooler (25.3 ± 3.3 °C, H = 45.79, p < 0.001) and more saline (34.3 ± 0.8 psu, H = 131.03, p < 0.001), whilst at the southernmost location (Marino Ballena) coastal waters have a lower salinity (29.4 ± 1.7 psu, H = 131.03, p < 0.001) (
Supplementary Tables S1
, 
S2
). Concentrations of 

P

O
4

3
−




 (H = 27.18, p < 0.001) and 

N

O
3
−



 (H = 10.08, p = 0.006) were highest in Santa Elena, whereas Marino Ballena held the highest average concentrations of 

S
i
O




O
H



3
−



 (H = 66.06, p < 0.001) and 

N

O
2
−

  


 (H = 75.87, p < 0.001) (
Supplementary Tables S1
, 
S2
). The average nTA values in Santa Elena and Matapalo (< 2300 μmol kg-1)
were lower than in Marino Ballena (> 2300 μmol kg-1) (H = 109.31, p < 0.001). On the other hand, in Santa Elena and Marino Ballena annual average nDIC showed concentrations of > 2000 μmol kg-1 whereas nDIC concentrations were lower in Matapalo (< 2000 μmol kg-1) (H = 57.95, p < 0.001) (
Supplementary Tables S1
, 
S2
).


According to the PCA (
Figure 3
), five main water parameters explained 82.6% of the variance of the physicochemical conditions. Nitrate (0.663), phosphate (0.583) and ammonium (0.303) contributed 57.2% to the variance (PC1); whilst nitrite (-0.829), phosphate (0.381) and silicate (-0.375) explained a further 25.4% (PC2). These findings were supported by SIMPER analysis, which identified the same five inorganic nutrients as the primary contributors to the observed differences between locations and seasons. According to the comparison between locations, the highest dissimilarity was found between the northernmost (Santa Elena) and the southernmost (Marino Ballena) location (average squared distance = 0.98), primarily driven by phosphate (28.23%), nitrite (27.94%) and nitrate (24.64%), with Santa Elena showing elevated phosphate and nitrate concentrations, whereas Marino Ballena exhibited higher nitrite levels. Meanwhile, there was a moderate dissimilarity (average squared distance = 0.83) between northern locations (Santa Elena and Matapalo), with nitrate (33.02%), phosphate (30.59%) and nitrite (16.17%) contributing nearly to 80% of the observed differences. Nutrient concentrations were generally higher at Santa Elena, except for nitrite, which was slightly greater at Matapalo. In contrast, Matapalo and Marino Ballena showed the lowest dissimilarity (average squared distance = 0.37), mainly due to differences in nitrite (38.32%), silicate (20.14) and ammonium (17.22%), all of which had higher concentrations at Marino Ballena. The SIMPER analysis between seasons indicated that three inorganic nutrients - nitrate (28.19%), phosphate (26.74%) and nitrite (21.56%) – are the primary contributors to the observed seasonal differences. Together, they accounted for over 76% of the dissimilarity between seasons, with notably higher concentrations during the dry season.


[image: Scatter plot showing principal component analysis (PCA) of different sites and seasons. PC1 accounts for 57.2% and PC2 for 25.4% of variance. Locations include Marino Ballena, Matapalo, and Santa Elena in dry and rainy seasons. Arrows represent variables such as salinity, temperature, and nutrients. Blue squares for Marino Ballena, green circles for Matapalo, and red triangles for Santa Elena, with filled shapes for dry and open shapes for rainy seasons.]
Figure 3 | 
Spatial and temporal variation of physicochemical parameters. Seasonal sampling data from rainy season 2013 (July-August) and dry season 2014 (January-February) were analyzed by location and season based on Principal Component Analysis (PCA). The distance between data points indicates their similarity in seawater conditions. PC1 correlates positively to nitrate (0.663), phosphate (0.583) and ammonium (0.303). PC2 correlates positively to phosphate (0.381) and negatively nitrite (-0.829) and silicate (-0.375).




The PERMANOVA results also revealed a significant interaction between location and season (Pseudo-F = 54.86, P(perm) < 0.001, perms = 9960), indicating that the effect of the season on the physicochemical conditions is not equal in all locations. Pairwise test confirms this result, with the higher variability taking place during dry season in Santa Elena (Pseudo-t = 11.77, P(perm) = 0.026, perms = 7446) and Matapalo (Pseudo-t = 5.91, p < 0.001, perms = 9961). In Marino Ballena, the Pseudo-t value (8.95) also indicates a strong separation in physicochemical conditions between seasons. This difference is statistically significant based on the Monte Carlo p-value (P(MC) < 0.001, perms = 360), although permutation testing (P(perm) = 0.084, perms = 360) offers contradictory results, likely due to the limited permutation count which might affect robustness. SIMPER analysis revealed that seasonal dissimilarity within each location followed a decreasing gradient from north to south, with values of 1.69 for Santa Elena, 0.40 for Matapalo, and 0.31 for Marino Ballena.


During the dry season Santa Elena experienced an increase in salinity (H = 44.38, p < 0.001),
nTA (H = 17.83, p < 0.001) and nDIC (H = 48.21, p < 0.001) as well as a sharp drop in SWT (H = 65.34, p < 0.001). At Marino Ballena the increase of nTA (H = 35.781, p < 0.001) and nDIC (H = 33.12, p < 0.001) during the rainy season was accompanied by a slight decrease of salinity (H = 17.31, p < 0.001) and SWT (H = 48.26, p < 0.001). Conversely, salinity (H = 0.17, p = 0.677), nTA (H = 0.76, p = 0.382) and nDIC (H = 0.68, p = 0.409) remained similar during both seasons in Matapalo (
Supplementary Tables S1
, 
S3
).

The simple linear regression analysis of salinity-normalized values (nDIC vs. nTA) (
Figure 4
) indicates that Marino Ballena had higher nTA than the other locations, with a steep increase in nTA and nDIC during the rainy season. Santa Elena was the location with the highest nDIC values occurring specifically during the dry season. Measured parameters in Matapalo were the lowest and had similar values during both seasons, overlapping with values measured in Santa Elena during the rainy season. The estimated ratios between inorganic and organic carbon production (Equation 2) were lower in the northern locations, with values of 0.04 in Santa Elena and 0.18 in Matapalo. The estimated inorganic:organic production ratio in Marino Ballena was 0.88.


[image: Scatterplot illustrating the relationship between nDIC and nTA in mol/kg. Data points are categorized by location and season: Marino Ballena (blue squares), Matapalo (green circles), and Santa Elena (red triangles) during dry and rainy seasons. Three trend lines with equations and R-squared values demonstrate the correlation strength for each location.]
Figure 4 | 
Seasonal variation of carbonate chemistry in three locations at the Pacific coast of Costa Rica. Total alkalinity (TA) and dissolved inorganic carbon (DIC) were normalized to a salinity of 35 (Equation 1). The slope of the nDIC-nTA relationship indicates the balance between the inorganic (calcification-dissolution) and organic processes (photosynthesis-respiration). The ratio between inorganic carbon production:organic carbon production is given by Equation 2.




Meteorological parameters measured near Marino Ballena during the sampling period indicate that
this was the location with the lowest wind speeds on the annual scale (1.3 ± 0.7 m s-1, H = 56.33, p < 0.001) and highest rainfall during the rainy season (24.9 ± 12.9 mm day-1, H = 49.28, p < 0.001) (
Supplementary Tables S1
-
S3
). The data obtained from the Liberia meteorological station show that Matapalo was the other
extreme, with highest wind speeds during the dry season (7.1 ± 3.2 m s-1, H = 6.74, p = 0.009) and lowest rainfall during the rainy season (1.1 ± 1.9 mm day-1, H = 6.77, p = 0.009) (
Supplementary Tables S1
-
S3
). Near to Santa Elena, the annual average values of wind speeds and rain were 2.3 ± 1.3
m s-1 and 1.8 ± 3.6 mm day-1, respectively (
Supplementary Tables S1
, 
S2
).






3.2 Benthic community composition


In all locations, the category “Bleached” accounted for less than 0.2% of benthic coverage, and was excluded from the graphical representation of the percentages of benthic cover (
Figure 5
). Results from the nested PERMANOVA revealed no significant differences in benthic coverage between locations (Pseudo-F = 0.313, P(perm) = 1.000, perms = 10). In contrast, comparisons within each location indicated significant variation in benthic composition among reefs (Pseudo-F = 19.654, P(perm) = 0.000, perms = 9953). However, findings from within-location comparisons will not be discussed further, as Santa Elena was the only location where more than one reef was surveyed. Regarding benthic composition categories, richness (S) was consistent across all locations. Diversity (H’) showed similar values in northern locations, with slightly higher levels in Marino Ballena. Evenness (J’) was comparable between Matapalo and Marino Ballena, but somewhat lower in Santa Elena (
Table 3
). Reefs in Santa Elena were mainly composed of live coral (43.37 ± 38.11%), turf (27.67 ± 27.53%), coralline algae (17.24 ± 14.41%) and substrate (11.37 ± 14.96%). Matapalo reef had three dominant categories, live coral (41.39 ± 15.67%), coralline algae (31.50 ± 5.43%) and turf (20.94 ± 6.10%). In the reef evaluated in Marino Ballena the three dominant categories of the benthic composition were coralline algae (44.02 ± 20.19%), live coral (25.71 ± 10.44%) and substrate (13.80 ± 29.29%). Macroalgae were only observed in Santa Elena (0.08 ± 0.21%) and Matapalo (4.92 ± 9.99%). Cyanobacteria were present in all locations but had a very low coverage; with the highest quantified value in Marino Ballena (3.20 ± 2.08%) (
Figure 5A
). Regarding scleractinian corals, all locations showed low diversity indexes (H’) with values < 1.0, suggesting that these coral reefs are built by few species (
Table 3
). The reefs in the north were mainly built by P. gigantea and Pocillopora spp., whereas southern reefs are built by P. clavus and P. cf. lobata with minor contribution of Porites panamensis and Psammocora stellata (
Figure 5B
). Matapalo was the location with lower coral diversity (
Table 3
), with Pocillopora sp. as the dominant reef builder (
Figure 5B
).


[image: Graph A shows the percentage coverage of various coral and algae types across three locations: Santa Elena, Matapalo, and Marino Ballena. Bars represent live coral, coralline algae, turf, substrate, macroalgae, cyanobacteria, and others. Graph B consists of pie charts depicting the proportions of different coral species in Santa Elena, Matapalo, and Marino Ballena, highlighting species such as Pocillopora sp., P. clavus, and others.]
Figure 5 | 
Benthic cover along the Pacific coast of Costa Rica. (A) Percentages of benthic cover reveal the dominant organisms in coral reefs from three locations, Cyanob. = cyanobacteria. (B) Contribution (%) of scleractinian coral species to coral coverage in the study locations.





Table 3 | 
Richness (S), diversity (H’) and evenness (J’) of benthic categories and scleractinian coral species in coral reefs at three locations in the Pacific coast of Costa Rica.





	Location

	Categories

	Coral species




	S

	H’

	J’

	S

	H’

	J’






	Santa Elena
	7
	1.29
	0.52
	2
	0.69
	1.00



	Matapalo
	6
	1.26
	0.59
	2
	0.05
	0.53



	Marino Ballena
	7
	1.41
	0.58
	4
	0.84
	0.58















4 Discussion





4.1 Evidence of geographical and seasonal variability in the physicochemical conditions along the Pacific coast of Costa Rica


This study shows high spatial variability in the physicochemical parameters on coral reefs along the Costa Rican Pacific coast (
Figure 2
), and their seasonality seems to be controlled by different processes in each location. The Papagayo upwelling is the main driver of seasonal variability in water parameters in the north, while the rainfall during rainy season controls the variability in the south (
Figure 3
). Complementing previous studies that described the physical conditions caused by this coastal upwelling (Jiménez, 2001b; Fernández-García et al., 2012), our results show that the changes extend beyond a decrease in SWT and an increase in nutrient concentrations. The Papagayo coastal upwelling is also marked by an increase in nDIC, with the corresponding decline in pH and aragonite saturation state (Ωa) (
Figure 4
, 
Supplementary Table S1
). Data from this study furthermore confirms the findings of a parallel survey conducted within the same research project which found a geographical gradient in the upwelling intensity between Santa Elena and Matapalo (Stuhldreier et al., 2015), with a greater range in the variability of physicochemical parameters in Santa Elena and a relatively low seasonality in Matapalo (
Figures 2
, 
3
, 
Supplementary Table S1
). Therefore, we can affirm that in northern locations the variability in physicochemical parameters depends on the distance from the coastal upwelling. Our results allow comparisons not only within northern locations but also with southern reefs. In the following sections we will discuss the individual environmental parameters and their spatial and seasonal variability in more detail.





4.1.1 Seawater temperature and salinity


The SWT exhibits a reverse seasonality between northern (Santa Elena and Matapalo) and southern (Marino Ballena) locations. Coastal waters in the north are colder from December to April due to the occurrence of the Papagayo upwelling and start to get warmer around May (Alfaro and Cortés, 2012; Alfaro et al., 2012) during the transition to the rainy season. The range of SWT fluctuations in Santa Elena is very high during upwelling season (Cortés et al., 2014; Stuhldreier et al., 2015) and although the lowest value measured during our study was 18 °C, previous studies indicated that SWT in this area can drop to values below 14.0 °C for a few hours during strong upwelling events (Jiménez, 2001b). Conversely, in southern reefs the coastal waters experience a slight cooling during the second half of the year, as the rainy season develops.


This cooling in the south during the rainy season is related to greater freshwater input from numerous rivers near Marino Ballena. The Grande de Térraba River, for example, is located about 10 km southwest of Marino Ballena and drains one of the largest basins in the country (Krishnaswamy et al., 2001). Mean annual precipitation and flow discharge are significantly higher than in any other basin in the north (Waylen and Laporte, 1999). The average water temperature of this river is 25 °C (Umaña-Villalobos and Springer, 2006) and the river discharge is enhanced between the months of May and November (Rojas and Rodríguez, 2008), producing the cooling of the surface waters and a decrease in salinity to values of 26.0 psu (this study and Alvarado and Aguilar, 2009).






4.1.2 Nutrients


This study revealed that inorganic nutrients are the main contributors to the observed differences between locations and seasons in coastal waters along the Costa Rican Pacific. Our results confirm that the high variability of nutrient concentrations in Santa Elena during the dry season is driven by the Papagayo upwelling, with a significant increase of the mean values by 69% in phosphate, 80% in nitrate and 65% in ammonium, as compared to the non-upwelling rainy season. In contrast, most of the inorganic nutrient concentrations in Marino Ballena increased during the rainy season. In these southern reefs, agricultures, land erosion and runoff strongly contribute to the nutrient input carried by the Grande de Térraba River discharge (Alvarado et al., 2009) and other rivers in the area. Consequently, the average concentration of silicate in Marino Ballena during the rainy season was 48% higher as compared to the dry season (
Figure 3
), and phosphate and nitrate also had a significant increase in their concentrations during the rainy season of up to 125% and 74%, respectively.






4.1.3 Carbonate chemistry parameters


The spatial and temporal analysis of our data supports two major assumptions: 1) the northern Pacific coast of Costa Rica experiences an upwelling-driven geographic gradient in alkalinity, dissolved inorganic carbon and pH, and 2) seasonal variability in seawater carbonate chemistry is mainly driven by the Papagayo upwelling during the dry season in northern locations and by river discharges during the rainy season in the south. Dynamics of Ωa and pH in coastal areas are driven by several processes: i) upwelling of high-CO2 waters (Feely et al., 2008; Rixen et al., 2012; Harris et al., 2013; Sánchez-Noguera et al., 2018b), ii) metabolic processes controlled by planktonic communities and coral reefs (inorganic:organic carbon production ratios) (Gray et al., 2012; Albright et al., 2013, 2015) and iii) inputs from land (Vargas et al., 2016; Dong et al., 2017; Carstensen and Duarte, 2019). In this study, the northernmost location (Santa Elena) and southern location (Marino Ballena) experienced low Ωa values; however, the source of these reduced values and their variability differed between the two locations. In Santa Elena, the lower pH and Ωa was linked to the upwelling of waters with high-CO2 concentrations (Rixen et al., 2012). In contrast, in Marino Ballena the dilution effect by freshwater input was likely responsible for the observed decrease in Ωa values, due to river discharges and increased runoff during the rainy season (Chierici and Fransson, 2009; Harris et al., 2013).


By analyzing the coupled changes of salinity-normalized alkalinity and dissolved inorganic carbon (
Figure 4
) in combination with the estimated inorganic:organic carbon production ratios, we can shed light on which processes are exerting a major control over the carbonate system in our study locations. In Santa Elena, the observed high variability of nDIC between seasons confirms that the upwelling of CO2-enriched waters is partially responsible for the seasonal fluctuation in seawater carbonate chemistry. This result agrees with other studies (Rixen et al., 2012; Sánchez-Noguera et al., 2018b), showing that in the Papagayo upwelling system deep waters hauled to the surface are enriched in CO2. Additionally, the estimated inorganic:organic carbon production ratio in Santa Elena (< 1) suggests that organic carbon production and respiration also play a role in the seasonal variability of carbonate chemistry. The linear regression analysis of nDIC vs. nTA (
Figure 4
) suggests that organic carbon production via photosynthesis was enhanced during the rainy season and respiration during the dry season. In line with our findings, other authors have indicated that enhanced primary production can be responsible for decreasing the concentrations of dissolved inorganic carbon, nitrite and nitrate (He et al., 2025), as occurred in Santa Elena during the rainy season. In terms of the enhanced respiration during the dry season, previous studies reported that the abundance of zooplankton in the Gulf of Papagayo is higher during the dry season (Bednarski and Morales-Ramírez, 2004; Rodríguez-Sáenz and Morales-Ramírez, 2012). Therefore, upwelled nutrient-enriched waters can boost the respiration of zooplankton communities, partially contributing to the observed increase in dissolved inorganic carbon during the upwelling season. Similarly, in the California Current System the high concentration of dissolved inorganic carbon is mostly attributed to respiration-derived CO2 (Hauri et al., 2009). On the other hand, the slight enrichment of alkalinity measured in Santa Elena during the dry season could be attributed to the dissolution of CaCO3 in deep waters. Similar to Santa Elena, the estimated inorganic:organic carbon production ratio in Matapalo was also < 1, highlighting the importance of organic production and respiration processes in the carbonate system of northern locations. Moreover, the small seasonal variability in alkalinity and dissolved inorganic carbon measured in Matapalo, in combination with higher pH (> 8.0) and Ωa (> 3.4) values, suggests that CaCO3 is precipitated all year round in this location.


Moving southward to Marino Ballena, the coupled increase of nDIC and nTA (
Figure 4
) suggest that inorganic processes (i.e. carbonate production or dissolution) could play a key role in the seawater chemistry of this location. However, the estimated inorganic:organic carbon production ratio (0.88) challenges this assumption, indicating that organic processes also play a dominant role in driving the seasonal variability of the carbonate system in this location. Nevertheless, the carbon production ratio in Marino Ballena is considerably higher than in northern locations (Santa Elena = 0.04, Matapalo = 0.18) and closer to a value of 1, implying that the inorganic processes may have a relatively stronger influence on the dynamics of the carbonate system, potentially linked to CaCO3 formation, which is somehow promoted during the dry season. Considering that the Grande de Térraba River drains the largest karstic region in Costa Rica (about 185 km2 of extension) (Ulloa et al., 2011, 2024; Bolz and Calvo, 2018), is very likely that surface and groundwater discharges supply dissolved carbonates to the reefs in this area (Krishnaswamy et al., 2001; Tamše et al., 2014; Kapsenberg et al., 2017; He et al., 2025). This could help explain the slightly elevated nTA observed in Marino Ballena during the dry season, in comparison to Matapalo, a northern location where seasonal upwelling exerts a less pronounced influence on the variability of the carbonate system parameters. A thorough analysis of other carbonate system parameters showed that the fluctuations of nDIC and nTA in Marino Ballena did not correspond with seasonal variations in pH values. The pH levels in Marino Ballena remained consistent across both seasons, with values of about 8.0, which might be caused by the enhanced outwelling of carbonates from nearby mangroves (i.e. Térraba-Sierpe National Wetland) during the rainy season. This is consistent with conclusions from another study, suggesting that mangroves can contribute to buffer coastal acidification (Sippo et al., 2016).







4.2 Environmental conditions shape coral reef composition in the Costa Rican Pacific coast


Even though all study locations displayed a similar benthic richness and diversity; the main reef-building corals are different along the Costa Rican Pacific coast (
Figure 5B
). Reefs from northern locations are dominated by massive and branching species, whereas reefs from the southern part of this coast are mostly dominated by massive species (this study and Glynn et al., 2017a). A few and small patch reefs of branching-corals have been reported in southern locations (Guzmán and Cortés, 1989; Cortés and Jiménez, 1996), but they are surpassed in number by massive-coral reefs and mostly found in Caño Island, 16 km northwest from the coast. The coral distribution patterns described above (
Figure 5B
) raise two key questions: 1) Why are the massive reef-building species in the north different from the massive reef-building species in the south? 2) Why are branching corals not among the main reef-builders in the south?


The measured physicochemical parameters revealed spatial and seasonal differences in the conditions along the Costa Rican Pacific coast (
Figures 2
, 
3
). However, changes of physicochemical parameters seem to be insufficient to explain why the main reef-building species differ between locations (
Figure 5
). To find a possible explanation for the observed coral distribution patterns, we also compared our local values with the established global environmental ranges suitable for potential coral reef habitats (
Table 4
) (Guan et al., 2015). These global values were used to update the ReefHab model (Kleypas, 1995, 1997), originally developed to predict the potential distribution of coral reefs according to the available environmental data. Kleypas’ work was a milestone that stated for the first time the environmental tolerance limits for coral reefs, contributing to understanding and predicting their global distribution. Comparing the physicochemical conditions on the Pacific coast of Costa Rica (this study) with the global thresholds established by the updated ReefHab model (Guan et al., 2015) helps to explain the presence of coral reefs in our study locations, but does not necessarily capture the variability in species composition. Nevertheless, given the limited information available on the environmental tolerance ranges for individual coral genera, we also used these global thresholds as a proxy to understand the differences in the dominant coral species observed at our three study locations. This combined analysis suggests that the composition of the dominant coral species in this study can be mainly explained by phosphate and Ωa, as these parameters divert from the global tolerance thresholds in different ways (
Table 4
).



Table 4 | 
Comparison of local conditions in reefs from the Pacific coast of Costa Rica using as reference values the global suitable environmental ranges for potential coral reef habitats, as previously defined by other authors (Guan et al., 2015). The data shown for this study correspond to the extreme average values measured in different seasons (d = dry season, r = rainy season).





	Parameter

	Global (Guan et al., 2015)

	Santa elena

	Matapalo

	Marino ballena




	[Extreme mean seasonal values; this study]






	Temperature (°C)
(range)
	21.7-29.6
	22.0-28.1
	28.0-28.8
	27.5-29.0



	Salinity
(range)
	28.7-40.4
	33.9-34.9
	34.0-34.0
	29.1-34.0



	


N

O
3
−



(µmol l-1)
(maximum)
	4.51
	1.47
	0.52
	0.64



	


P

O
4

3
−




(µmol l-1)
(maximum)
	0.63
	1.14 d

	0.40d

	0.39r




	Omega - Ωa

(minimun)
	2.82
	2.38 d

	3.44d

	2.93r








Comparison of local conditions in reefs from the Pacific coast of Costa Rica using as reference values the global suitable environmental ranges for potential coral reef habitats, as previously defined by other authors (Guan et al., 2015). The data shown for this study correspond to the extreme average values measured in different seasons (d, dry season; r,= rainy season).



In the following paragraphs, we will use the presence of coral reefs as an indicator of the success of those coral species to cope with the combination of the measured physicochemical parameters, therefore a proxy of the suitability of local conditions for the reef development along this coast. To address the first question regarding the observed differences in massive coral species building reefs along this coast (
Figure 5B
), it is important to mention that even though P. clavus was not present in the reefs surveyed in Santa Elena and Matapalo, this massive coral was reported in the past as the main reef-builder (Jiménez, 1997) or among the most ubiquitous massive species (Palmer et al., 2022) in other northern location. We excluded that P. clavus reef from this study because it experienced a mass mortality several years before, thus the benthic coverage at the time of our study was mainly dominated by turf algae (Sánchez-Noguera et al., 2018a). By considering the historical record of coral reefs in the north Pacific of Costa Rica in addition to our data, we can say that P. clavus succeeds to build reefs in both northern and southern locations. This indicates that this massive coral is highly tolerant to the wide range of physicochemical conditions measured along this coast. Nevertheless, it is likely that they were already living near their physiological tolerance limits in northern locations, which might explain their historical mortality in those areas (Mena et al., 2025). Now we will focus our attention on the massive coral species that are building reefs exclusively in northern or southern locations and are not widely distributed as P. clavus. Our data suggests that P. gigantea, one of the main massive reef-builders in the north Pacific coast of Costa Rica, is highly tolerant to the episodic exposition to low- Ωa cool waters and eutrophic conditions occurring in pulses during upwelling season. This agrees with results from the Pacific coast of Panama, where corals from the genus Pavona exhibited a high tolerance to the combination of thermal stress (lower SWT) and acidification in the coastal upwelling impacted Gulf of Panama (Manzello, 2010a). In contrast, P. cf. lobata building reefs in Marino Ballena indicates that this massive coral thrives in constant conditions of lower Ωa (< 3.0) and lower salinity, and copes very well with low light intensity due to the influx of terrigenous materials occurring predominantly during the rainy season (Alvarado et al., 2009). Despite the mechanisms by which inorganic nutrients affect coral reefs are subject to debate, there is a consensus that unbalanced nutrient enrichment from anthropogenic sources poses negative effects for coral reef functioning (D’Angelo and Wiedenmann, 2014). For example, high nutrient loads have the potential to affect corals indirectly by favoring primary producers, which can outcompete stony corals (Fernández-García et al., 2012), and increasing bioerosion by facilitating shifts to larger and more effective bioeroders (Wizemann et al., 2018). Furthermore, a study from Galapagos concerning reefs affected by different upwelling levels suggested that the skeletal density of P. lobata was diminished due to exposure to elevated phosphate conditions (Manzello et al., 2014). This can contribute to explaining why P. cf. lobata was one of the main reef builders in Marino Ballena. The average seasonal phosphate levels in Marino Ballena were lower than those in Santa Elena, which likely promotes stronger skeletons in Marino Ballena and allows their persistence over time. This suggests that the lower phosphate levels enable P. cf. lobata to build reefs in Marino Ballena, despite the steady Ωa values < 3.0 measured in southern locations. Moreover, other studies involving corals from the genus Porites support our assumption that changes driven by river discharges significantly shape the structure of local coral reefs. For instance, Porites corals in Biscayne Bay, Florida show a high tolerance to changes in salinity (Manzello and Lirman, 2003), while those in Golfo Dulce, Costa Rica, are particularly resilient to high sedimentation (Cortés, 1990). In consequence, this species contributes the most to the reef building under riverine impacted locations.


Now we will move forward to our second question, regarding the minor contribution of branching corals in southern locations. In Costa Rica, most reefs built by Pocillopora spp. have experienced severe mortalities, frequently attributed to warming during ENSO events and to recurrent occurrence of harmful algal blooms (Guzmán et al., 1987, 1990; Glynn et al., 2017a; Sánchez-Noguera et al., 2018a; Palmer et al., 2022). Nevertheless, the current distribution of branching corals and the remaining structures of former reefs can be used as a proxy to identify the most favorable conditions for the success of this genus along the Costa Rican coast. For example, the precipitation of CaCO3 over the whole year at Matapalo, along with its sheltered location, helps explain the presence of a reef built by branching species. This combination of factors contributes to the branching species’ prevalence and relatively high contribution to coral coverage compared to other coral reefs in the same area, which have experienced significant degradation over the last decade (Mena et al., 2025). While branching corals are not entirely absent from southern locations (Guzmán and Cortés, 1989; Cortés and Jiménez, 1996), they contribute much less to the benthic coverage than massive corals in Marino Ballena. This is likely due to the reduced light availability caused by river discharge. Grande de Térraba River, located near Marino Ballena, is the second largest catchment of the country (Granados-Bolaños et al., 2024). Other authors (Alvarado et al., 2005) have previously discussed that the limited presence of Pocillopora spp. in Marino Ballena may be linked to low light penetration in the water column, due to high concentrations of suspended matter derived from river discharge (Alvarado et al., 2009). This hypothesis is confirmed by another study from the Great Barrier Reefs, which showed that the genus Pocillopora is very sensitive to reduced light resulting from high turbidity (Jones et al., 2020). Therefore, we can infer that reduced light availability is one of the main factors limiting reef development by branching corals in southern locations, while high tolerance to salinity fluctuations promotes the prevalence of reefs built by massive corals such as Porites sp.


The results presented in this study provide insights into adaptation limits of individual coral species to local physicochemical conditions. For example, Pavona spp. and Pocillopora spp. reefs from Santa Elena indicate that these species have adapted to the episodic exposition to low- Ωa conditions occurring during upwelling season (2.38, 
Table 4
), when Ωa values are lower than the proposed local (Sánchez-Noguera et al., 2018b) and global thresholds (2.82, 
Table 4
) (Guan et al., 2015) for reef development. Even though the success of the massive and branching species to build coral reefs along the Pacific coast is a good example of adaptation to high local variability, it does not guarantee their survival under climate change scenarios, when the rate of changes will be enhanced (Howes et al., 2015). Costa Rican coral reefs have suffered several ENSO-induced bleaching events over the last decades (Guzmán et al., 1987; Guzmán and Cortés, 1992, 2001; Jiménez and Cortés, 2001, 2003; Jiménez et al., 2001; Cortés et al., 2010; Alvarado et al., 2018), while the current lapse between global bleaching events is shortening the temporal window for reef recovery after associated mass mortality (Hughes et al., 2018). This implies that physicochemical conditions in the ETP are close to the limits that warm water reef ecosystems can tolerate.






4.3 Outlook


The results from our study demonstrate that seawater chemistry properties of coastal waters along the Costa Rican Pacific coast display a high spatial and temporal variability, which is driven by the Papagayo upwelling system during the dry season in the north and river discharge during the rainy season in the south. Matapalo reef, located between the northernmost (Santa Elena) and the southernmost location (Marino Ballena), reveals a relatively low seasonality of physicochemical conditions. This confirms that the seasonal upwelling has a stronger influence further north, in Santa Elena relative to Matapalo. Although carbonate chemistry plays a significant role in determining the composition of coral reefs along the Pacific coast of Costa Rica, it is not the only controlling factor, as inorganic nutrients explain a higher percentage of the observed variability. Our findings indicate that carbonate chemistry is key for promoting favorable physicochemical conditions for reef development in northern locations like Matapalo. However, the sensitivity of coral species to other physicochemical conditions, such as lower salinity and lower light intensity, are responsible for shaping the reef composition in Marino Ballena (
Figure 6
).


[image: Map of Costa Rica showing regions affected by variability drivers: Papagayo upwelling, river discharge. Main reef builders, including ​Pavona gigantea​, ​Pocillopora sp.​, and ​Porites lobata​, are illustrated. Factors such as nutrient enrichment, temperature, salinity, and light intensity shape reef composition. The map highlights Santa Elena in red, Matapalo in green, and Marino Ballena in blue.]
Figure 6 | 
Graphic summary of main findings. Drivers of spatial and seasonal variability in nutrient concentrations and carbonate chemistry, and main factors controlling coral reef composition along the Pacific coast of Costa Rica.




Corals from the Pacific coast of Costa Rica have adapted to the local variability in physicochemical parameters. Nevertheless, their tolerance to this variability appears to be species-specific, and does not imply that they can withstand external disturbances that push physicochemical conditions beyond the limits for reef development. Regarding future conservation efforts and reef protection, Matapalo and Marino Ballena seem to be very promising locations. This is mainly to the relatively stable carbonate chemistry conditions in Matapalo and the buffering effect against ocean acidification in Marino Ballena, which is most probably caused by the dissolved carbonates entering from land. However, this calls for integrated coastal management actions to reduce the pressures of local stressors such as siltation, pollution, fishing and tourism.
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Overall average values (95% confidence intervals) by location and season of measured and calculated (*) physicochemical and meteorological parameters at three locations in the Pacific coast of Costa Rica. Seawater temperature (SWT) was measured in situ and the values for the other parameters were obtained from discrete water samples. For abbreviations of listed parameters please referred to the manuscript. Meteorological data collected at meteorological stations located near the study locations was provided by the Instituto Meteorológico Nacional.





Supplementary Table 2 | 
Statistical differences of physicochemical and meteorological parameters between locations. Asterisks indicate significant differences (p < 0.05).
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Statistical differences of physicochemical and meteorological parameters between seasons. Asterisks indicate significant differences (p < 0.05).
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The Gulf of Mexico’s (also recognized by the United States government as the Gulf of America; herein referred to as “the Gulf”) valuable and diverse marine, coastal, and estuarine environments sustain many habitats, species, and economically important fisheries that are vulnerable to open ocean and coastal acidification (OOCA), including shellfish, coral reefs, and other carbonate reefs and seafloor. OOCA poses an economic threat to the Gulf’s economy, which is estimated to have a combined value of $2.04 trillion (US) per year across Cuba, Mexico and the United States (U.S.). Scientists from Cuba, Mexico, and the U.S. co-organized and co-hosted the first Gulf International Ocean Acidification Summit on Oct. 18-19, 2022 in Mérida, Yucatan, Mexico to exchange information and begin development of a new tri-national network to address the socioeconomic and ecological impacts of OOCA in the Gulf based on common needs. The meeting included representatives from government agencies, universities, research institutes, non-governmental organizations, and was sponsored by the Furgason Fellowship of the Harte Research Institute at Texas A&M University-Corpus Christi. Discussions focused on each country’s challenges, including known and potential socioeconomic vulnerabilities and biological and ecosystem responses to OOCA. Shared priorities were identified for observational, biological, environmental needs, socioeconomic research, outreach, and communications. Priority geographic locations for the study and short and long-term monitoring of OOCA were identified based on the group’s knowledge of oceanographic conditions and vulnerable regions. Longer-term actions that will help support multinational collaborations include: identifying shared data and information platforms; standardizing chemical and biological sampling methodologies; coordinating communications with regulatory agencies and resource managers; and coordinating monitoring activities, collaborative research projects, and tri-national comparisons and synthesis of findings. We present guidance from this effort for an integrated, multinational approach to understanding the causes and consequences of OOCA in the Gulf.
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1 Introduction

The Gulf, the ninth largest ocean basin in the world, is home to highly diverse marine, coastal, and estuarine environments, including ecosystems that contribute significantly to the economy of the three nations surrounding the Gulf (the U.S., Mexico, and Cuba; Figure 1). The Gulf is home to multiple species potentially susceptible to OOCA impacts such as shellfish, coral reefs, mesophotic corals, phytoplankton and other economically important fisheries. These organisms occupy a variety of habitats in the Gulf, including carbonate reefs and seafloor environments that can change as a result of acidification. The Gulf is highly biodiverse, with over 15,000 described species (Felder and Camp, 2009). This number is likely underestimated due to limited surveys on the slope and in deepwater regions.
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Figure 1 | Map of the Gulf and surrounding nations. Red lines indicate exclusive economic zones of each nation. Green boundary line indicates official Gulf boundary. Representative logos from participating institutions are included.

Understanding, predicting, and responding to local and global stressors and responsive changes within the Gulf requires an integrated geographical approach due the interconnectedness of its waters through the current systems of the central, deep Gulf, estuaries, the shelves, and inshore/offshore flows (Morey et al., 2003; Oey et al., 2005; Martínez-López and Zavala-Hidalgo, 2009). Therefore, developing a tri-national network to exchange information and address the socioeconomic and ecological impacts of ocean and coastal acidification in the Gulf, based on mutually understood needs or shared needs, is of utmost importance.

Open ocean and coastal acidification (OOCA) throughout the Gulf is due to elevated atmospheric carbon dioxide (CO2) as well as other chemical, biological, and physical processes (Osborne et al., 2022). Approximately one quarter to one third of annual CO2 emissions are absorbed by the ocean, which lowers seawater pH (an indicator of ocean acidification). Coastal acidification is caused by a combination of ocean acidification and land-based pollution sources (for example, regional excess nutrient inputs to estuaries or coastal waters that can lead to eutrophication, hypoxia, and remineralization) that can contribute to localized acidification. Harmful algal blooms, freshwater inflows, biological production and respiration, anaerobic respiration, calcium carbonate (CaCO3) dissolution, other benthic inputs, and episodic storm events have all been shown to contribute to or are affected by coastal acidification (Cai et al., 2021; Hicks et al., 2022; Hall et al., 2024; Zhang and Xue, 2022). Riverine systems are poorly buffered, have variable total alkalinity, and are often high in pCO2 (Cai et al., 2011; 2021). A long-term time-series of OOCA does not currently exist in the Gulf (Hu, 2019); however, several studies have documented that OOCA is occurring in both the open Gulf and within estuarine environments (Hu et al., 2015; Robbins and Lisle, 2017; Kealoha et al., 2020; Osborne et al., 2022).

Much of the research on OOCA in the Gulf has primarily focused on US waters (Hu, 2019). The shelves of the northern Gulf (a tropical-subtropical region) are dominated by rivers and eutrophication (Laurent et al., 2017), with localized coral reefs in the Florida Keys and Flower Garden Banks in Texas (Gil-Agudelo et al., 2020), mesophotic reefs (30–150 m; Turner et al., 2017) and karst geology in the southern FL peninsula. Historically, the National Oceanic and Atmospheric Administration (NOAA) leads the effort to monitor OOCA across the Gulf through the Gulf Ecosystems and Carbon Cruises (GOMECC) and Ship of Opportunity-OA (SOOP-OA) programs. The data obtained demonstrate the importance of ocean circulation, temperature seasonality, and the influence of rivers on carbon chemistry dynamics in the Gulf (Wang et al., 2013; Wanninkhof et al., 2015; Kealoha et al., 2020). In Mexican waters, the XIXIMI program has conducted total alkalinity (TA) and dissolved inorganic carbon (DIC) measurements in the southern Gulf offshore waters since 2010. Data from the XIXIMI expeditions show similar vertical structures in the DIC and TA profiles over time in the central and southern Gulf, comparable to the Caribbean profiles generated during the World Ocean Circulation Experiment (WOCE) in 1994. Like the northern Gulf, these regions exhibit high TA/DIC ratios, indicating a strong buffering capacity against acidification (https://www.ncei.noaa.gov/products/world-ocean-circulation-experiment Gledhill et al., 2008). The Research Network of Marine-Coastal Stressors in Latin America and the Caribbean (Red de Investigació n Marino-Costera; REMARCO) has established a network across the Caribbean and Latin America to increase measurements of OA (Espinosa, 2023). Despite these efforts, existing programs do not provide robust temporal coverage at subannual or subseasonal water column carbon chemistry scales, especially in the central Gulf region.

Cuba, while bordering the Gulf, is the largest island in the Caribbean. Its surrounding waters are generally oligotrophic, coral reef ecosystems dominate its nearshore habitats, and studies indicate an increase in OOCA (Gledhill et al., 2008). The productive Yucatan Peninsula coast is characterized by karstic geology and submarine groundwater discharges (SGDs), deep water upwellings in the northeast, and seasonal wind-driven upwelling along the coast. Different seasonal conditions affect OOCA. Cold fronts typically approach from the north in the fall and winter and are accompanied by elevated values of dissolved inorganic carbon and total alkalinity near the coast. OOCA is also affected by geophysical characteristics, including the influence of SGD, oxidation of organic matter, and dissolution of carbonate minerals (Barranco et al., 2022). Monitoring efforts that encompass seasonal variability would help broaden understanding of the carbonate system dynamics in these regions.

The Loop Current, which enters through the Yucatan Channel and exits through the Straits of Florida, dominates the mesoscale circulation of the central Gulf in the top ca. 1000 m (Oey et al., 2005; Candela et al., 2019). All nations bordering the Gulf are influenced by the Loop Current and the anticyclonic eddies that detach from it periodically. They are transported west and southwest, demonstrating the region’s oceanographic interconnectedness (Hamilton et al., 1999). The upper layer is also influenced by near-surface freshwater discharge from rivers; water mass hydrographic and biogeochemical properties are altered through water density differences, mixing, and bathymetry, and are spatially variable and dynamic (Portela et al., 2018; McKinney et al., 2021; Cervantes-Díaz et al., 2022). Over the past several decades, human interactions have led to changes and impacts on natural resources throughout the Gulf, including fisheries resources, recreational facilities, offshore oil drilling, land use changes, and changes in organism and ecosystem diversity.

OOCA poses an economic threat to the Gulf’s economy, which is estimated to be worth $2.04 trillion per year across Cuba, Mexico, and the US (Shepard et al., 2013). According to National Marine Fisheries (2024), the Gulf’s commercial seafood landings for revenue in 2022 in the US was $921 million, accounting for 17.4% of national landings and 15.6% of the total revenue. Of the total Gulf commercial landings in 2021-22, shellfish contributed $66 million and almost 7% of the revenue. Recreational finfish fisheries accounted for catches of 580,375 individuals, which corresponds to 52% of the US total (National Marine Fisheries Service, 2024). Oyster fisheries alone brought in an estimated revenue of $76.9 and 93.4 million in 2023 and 2022, respectively (https://www.fisheries.noaa.gov/foss/f?p=215:200:3384444710405). Mexico’s 2023 Statistical Yearbook of Aquaculture, published by the Fisheries National Commission of Aquaculture and Fisheries (CONAPESCA), indicates that the value of the Gulf’s fisheries was approximately $440 million, with oyster production contributing $3.4 million (Comisión Nacional de Acuacultura y Pesca, 2023). Major fisheries for Cuba include export of spiny lobster, penaid shrimp, and tuna. Since 1992, average annual value of fishery export in Cuba is ~$107 million annually (Adams et al., 2000).

The Gulf ecosystems are subject to multiple local (e.g., overfishing, eutrophication, hypoxia, and oil spills) and global (e.g., ocean warming and acidification) anthropogenic stressors. The Gulf U.S. shell fisheries are particularly vulnerable to ocean and coastal impacts because of a combination of environmental (e.g., eutrophication and high river input), biological (e.g., low diversity of shellfish fishery harvest), and social factors (e.g., low political engagement in OOCA, ocean warming, and relatively low science accessibility; Ekstrom et al., 2015). In Mexico, the lack of long-term surveys of environmental conditions and biological communities, limited enforcement of fishery regulations, overexploitation, and coastal eutrophication and pollution threaten ecosystem health (Caso et al., 2014). Socioeconomic risks from ocean and coastal acidification impacts to fisheries’ species are largely unknown. In addition to elevated carbon dioxide (CO2) in the atmosphere, acidification in the region is influenced by a complex interplay of processes and multiple stressors such as increasing water temperature, changing ocean circulation, runoff of both river water and excess nutrients, as well as regionally low oxygen over the shelf, harmful algal blooms (HABs), storms, and oil spills. For example, blooms of Sargassum spp. have been problematic throughout the Caribbean. However, more recent studies show blooms persisting throughout the Gulf as well (Zhang et al., 2024). Decaying Sargassum spp. blooms could contribute to localized OOCA events (Liu et al., 2024) but may also have positive effects under OOCA on coral physiology (Lankes et al., 2025).

The Gulf seawater chemistry is highly complex but remains relatively under-studied concerning acidification (Osborne et al., 2022). Critical knowledge, research, and monitoring gaps limit our current understanding of environmental, ecological, and socioeconomic impacts needed to improve models for predicting acidification and its consequences. The diversity of habitats found in the Gulf spanning multiple climatic zones and the connection between bordering nations’ ocean and coastal resources through ocean circulation and migration makes international collaboration critical to understanding the influence of acidification, its causes, and impacts in the Gulf. A shared, multi-national vision of a Gulf that is prepared to respond and adapt to ocean acidification united an international team of scientists from the US, Cuba, and Mexico to organize and conduct the Gulf’s first International Ocean Acidification Summit.




2 Materials and methods



2.1 Meeting purpose and scope

Thirty-one participants from the US, Cuba, and Mexico met in Mérida, Yucatán, Mexico, from October 18-19, 2022, for the first “Gulf International Ocean Acidification Summit”. Organizing institutions included: Harte Research Institute (HRI), Texas A&M University-Corpus Christi; the Gulf of America Coastal Ocean Observing System (GCOOS, a Regional Association of the U.S. Integrated Ocean Observing System); Gulf of America Coastal Acidification Network (GCAN); Centro de Investigaciones Marinas, Universidad de La Habana (CIM-UH); Centro de Estudios Ambientales de Cienfuegos (CEAC); UMDI-Sisal, Facultad de Ciencias, Universidad Nacional Autónoma de México (UNAM); Instituto de Investigaciones Oceanológicas, Universidad Autonoma de Baja California (IIO-UABC); and Kalanbio A.C. – Mexico. Meeting participants included representatives from government agencies, universities, research institutes, non-governmental organizations, and graduate students. The primary meeting objectives included: fostering communication among international colleagues; sharing information on OOCA science, identifying gaps, research, and monitoring needs; and exploring approaches and opportunities for collaboration.

Prior to the in-person meeting, GCAN hosted a virtual coordination meeting that included activities to prioritize topics for discussion at the in-person meeting based on common needs across the nations. The results of the discussion were used to develop the summit’s agenda. Participants were also asked to join a virtual meeting to introduce each other as a group, identify other stakeholders who may wish to participate, provide summaries of each participant’s information needs related to OOCA for the organizing committee, and to allow participants to assist with determining what was required to ensure a productive meeting that met the overall objectives.

The meeting in Mérida, Mexico, began with a social activity and introductory presentations from the sponsors and representatives of each of the three countries, covering meeting goals, potential outcomes, and brief overviews of the state of the science, gaps, and challenges from each country. These presentations were followed by topic-specific breakout sessions and group discussions on gaps, challenges, common regional issues, and scientific and geographic priorities related to: exposure to OOCA and region-specific special considerations affecting exposure; biological response to OOCA, including species, habitats, and ecosystem-level responses; and known and potential socioeconomic vulnerabilities. Due to the varying levels of expertise among the participants, protocols for sample collection, analysis, and QA/QC were discussed, as were the challenges of using optical sensors for continuous monitoring (sensor availability, cost, and deployment locations). The final group discussion focused on approaches for developing a tri-national network for ocean acidification and acknowledging the shared commitment to working toward this goal. The group agreed upon short-term actions to begin facilitating the development of this network, including establishing pathways and platforms to facilitate group communication, increasing awareness of the tri-national effort to stakeholders, policy-makers, and managers, and building on existing collaborative efforts and networks such as GCAN. Additionally, the group identified shared priorities for observational, biological, and socioeconomic research; outreach and communications; priority geographic locations for study; and longer-term actions needed to facilitate multi-national collaboration such as: identification or development of shared data and information platforms; standardization of chemical and biological methods; joint training activities for research and monitoring practices and procedures; coordinated interaction and communication with regulatory agencies and resource managers for guidance to science; and coordination of monitoring activities, collaborative research experiments, and tri-national comparison of results.




2.2 Anticipated outcomes

In addition to working toward development of a tri-national network to foster collaboration among the three nations on ocean acidification research and monitoring, other anticipated outcomes from this meeting included: co-development of a report by the participant group describing meeting topics and discussions in detail; development of a tri-national Gulf regional gap analysis to assist with identifying nation-specific as well as shared research and monitoring gaps; development of a multi-national Gulf socioeconomic risk and vulnerability assessment/report; and development of special topical work groups to facilitate international collaborative research activities, training opportunities, and funding needs.





3 Results



3.1 Preliminary meeting

During the virtual meeting with participants, the highest priority communication needs were identified as exchanging experiences with colleagues related to science and working with stakeholders, learning different perspectives across regions and sectors on OOCA’s impacts, and developing a tri-national network to facilitate multi-national collaboration on OOCA research and monitoring.




3.2 Meeting introductions

Social activities were conducted at the beginning of each day of the summit to provide an opportunity for participants to meet, engage in informal conversation, and to begin working together as a team. For example, one group activity included all participants working together to map the Gulf on the floor with a rope. Participants were grouped by region (U.S., Cuba, or Mexico) and the rope was placed in the shape of the coastline adjacent to their county (Figure 2). Then participants were asked to work together across regions to evaluate and improve the map as a way to facilitate interaction and conversation. Introductions were provided on the meeting agenda, the summit organizing institutions (GCOOS and HRI), GCAN, state of the science on ocean and coastal acidification, and summaries of recent or ongoing research cruises that encompass most of the Gulf. After introductions, participants were asked to participate in topic-specific group discussions on gaps, challenges, common regional issues, scientific and geographic priorities related to three different themes including: 1. exposure to ocean acidification and region-specific special considerations influencing their vulnerability; 2. potential biological responses to ocean acidification including specific species, habitats, and ecosystem responses; and 3. known and potential socioeconomic vulnerabilities. A final group discussion focused on approaches for developing a tri-national network for OOCA and acknowledging the shared commitment to working toward this goal.
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Figure 2 | The social activity involved participants being asked to form the shape of the Gulf.




3.3 Breakout session 1: exposure

The exposure breakout session consisted of four subgroups focusing on identification of knowledge gaps, measurement protocols, communications, and solutions. Geographic gaps for OOCA research and monitoring were identified as:

	nearshore and estuarine measurements (<10 m depth),

	the deep-water region of the Gulf,

	Usumacinta River outflow and impacts,

	Veracruz Region and National Park, and

	ocean and coastal impacts to the karst environments of Florida and the Yucatan Peninsula.



OOCA measurement priorities were identified as:

	all countries needing higher temporal and spatial resolution measurements to pair with biological studies and address resource management issues,

	establishing laboratories with the capacity to integrate chemical and biological studies,

	need for identifying OOCA indicator species that are charismatic and relatable to the public,

	ensuring the availability of reference samples, especially in Mexico and Cuba, and

	making sure the sampling and analytical methodology is standardized (by establishing best practices) for chemistry and biology measurements.



Communications priorities were identified as:

	conveying OOCA information to non-experts in understandable terms,

	emphasizing that although OOCA is underemphasized as a problem in the Gulf, the system has been shown to have some of the fastest acidification rates measured as declining carbonate saturation states,

	a need for a transdisciplinary approach to communicating OOCA issues,

	improving efforts oriented toward stakeholder outreach through interaction with local and regional groups, and

	expanding awareness through student education programs.



Potential solutions identified included:

	collaboration and development of common communication strategies and practices,

	using the expertise within the summit’s participants to share best practices for OOCA studies,

	implementing training activities to promote professional development in the field of OOCA that are oriented toward early career researchers,

	initiate laboratory inter-comparisons across nations, and develop sampling kits to train people for sample collection and expanding monitoring through citizen science,

	identify common (Gulf-wide) indicator species and establish baselines of biological responses to OOCA,

	developing an approach for elevating perception of impact such as designing a multi-national sampling effort and strategy for the most impacted areas and events,

	exploring collaboration with the National Association of Marine Labs (NAML) for help with obtaining and distributing certified reference materials, and

	identifying or developing cost-effective alternatives for pH measurements.






3.4 Breakout session 2: biological response

The biological response breakout session was broken out into three subgroups covering gaps, challenges, and solutions. Knowledge gaps were identified as

	OOCA impacts on marine fish and shellfish,

	studies on other Gulf marine organisms (e.g. megafauna), and

	research on food web implications from plankton to higher species.



Challenges were identified as:

	no standardized methods across regions and

	difficulty of studying physiological effects on larger coastal and marine organisms.



Solutions were identified as:

	the need to identify common species of interest across nations and involve fisheries regulatory agencies in the process to provide guidance for biological research focus and

	the need for vulnerability models for species groups.






3.5 Breakout session 3: socioeconomic considerations

The socioeconomic session was divided into two subgroups, centered on knowledge gaps and potential activities. The socioeconomic impacts of OOCA throughout the Gulf can be linked to recreational tourism (diving, hotel occupancy along the coast, etc.), ecotourism, shellfish farming, and commercial, recreational, and subsistence fishing. The total economic value of fisheries is well-studied by each country surrounding the Gulf, but the current or future estimates if impacted by OOCA have not been assessed. Additionally, socioeconomic impacts are likely to differ among nations and regions (such as states in the U.S. and Mexico and provinces in Cuba), and specific evaluation and assessment are required. The gaps the workshop participants identified include:

	need for assessing potential socioeconomic impacts and potential values within each region,

	a pressing need for public, community leader, managers, and policy maker education about OOCA, particularly in Mexico and Cuba, and

	development of educational content in English and Spanish to promote public and stakeholder education.



Potential activities include:

	mining socioeconomic data from each country to evaluate the realized or potential effect of OOCA and updating as a tri-national effort,

	identifying socio-economists who understand the effects of OOCA on economic value,

	implementing community listening sessions,

	increasing partnership development (e.g., working with organizations that function as liaisons),

	targeted public engagement, and

	creative communication.






3.6 Development of a tri-national network

The final group discussion focused on approaches for developing a “Tri-National Network for OOCA” and acknowledging their shared commitment toward this goal. The group agreed upon short- and long-term actions to begin facilitating the development of the network, including establishing pathways and platforms to facilitate group communication, increasing awareness of this tri-national effort, and building on existing collaborative efforts (Table 1). Additionally, the group identified shared priorities for observational, biological, and socioeconomic research, including environmental justice needs; outreach and communication; and pursuing funding and longer-term actions needed to facilitate multinational collaboration. Priority locations within each region for monitoring and research were also identified (Table 2).


Table 1 | Short- and long-term action items for a tri-national OA network.
	Short-term action items



	Continuation of tri-national network communications


	Follow-up meetings


	Search for funding for international collaborations


	Long-term action items:


	Identification or development of shared data and information platforms


	Standardization of analytical methods


	Joint training activities for research, monitoring practices, and protocols


	Coordinated interaction and communication with regulatory agencies and resource managers to identify and guide scientific needs


	Coordination of monitoring activities, collaborative research experiments, and tri-national comparison of results








Table 2 | Priority locations for pilot studies within each region.
	U.S.
	Cuba
	Mexico



	Florida Keys
	Guanahacabibes MPA
	Veracruz MPA


	Northwest Gulf
	La Habana
	Laguna de Términos MPA


	Florida Shelf
	Cayo Santa María MPA
	Celestún MPA


	 
	 
	Alacranes MPA





MPA, Marine Protected Areas.







4 Discussion

The Gulf is a semi-enclosed oceanic basin of approximately 1.6 million km2 that connects Mexico, the US, and Cuba (Turner and Rabalais, 2019). These nations are aware of risks to the Gulf, including the degradation of coastal areas that support local communities, loss of habitat and marine and coastal natural resources; overfishing; increasing harmful algal blooms; hypoxia; vessel groundings on coral reefs; coastal subsidence; energy exploration (including oil spills); increased production in coastal areas; increases in the frequency of environmental changes in the ecosystem (such as fluctuations in abundance and distribution of fish, birds and mammals due to anthropogenic stressors linked to climate change); and the need for climate change monitoring (UNIDO, 2014). OOCA, currently understood as both a water quality and a climate change issue (Doney et al., 2009; Wallace et al., 2014), is increasing throughout the Gulf estuaries, coasts, and open ocean (Wanninkhof et al., 2015; Robbins and Lisle, 2017; Osborne et al., 2022; Jiang et al., 2024), yet the connectivity of populations and communities throughout the Gulf has not been fully evaluated. Developing a tri-national network to foster collaboration among the three nations on OOCA research and monitoring is imperative to understand the Gulf’s oceanographic and biological interconnectedness.

During this first International OA Meeting, participants concluded that exposure to OOCA is poorly understood, particularly in shared waters and adjacent national coastlines. Several research and monitoring gaps were identified; although some previous studies within each region have been conducted and published, they were either short-term or lacked a broader context. For example, only a handful of studies on nearshore and estuarine measurements throughout the Gulf have been published, and these are predominantly in the U.S. (e.g., Cai et al., 2011; Hu et al., 2015; Robbins and Lisle, 2017; McCutcheon and Hu, 2022; Hall et al., 2024; Martínez-Trejo et al., 2024). Some coral reefs, like the Flower Garden Banks, and the northern Gulf (e.g., Mississippi River outflow), have been relatively well-studied (e.g. see Hall et al., 2020; Osborne et al., 2022; and references therein). However, studies in deep Gulf waters (>300 m depths) are generally limited because of difficult access and high costs. In addition, benthic landers are promising for deep water acidification studies at the sediment-water interface (Berelson et al., 2019). The Grijalva-Usumacinta River System provides the highest freshwater inflow into the southern Gulf, yet the impact on OOCA is poorly understood. Studies in that system are only beginning to evaluate changes in carbon cycles (Soria-Reinoso et al., 2022). The coast and shelf of the state of Veracruz in the southwestern Gulf has the main commercial port in Mexican waters, an extensive network of coral reef systems that includes endemic species of fishes and is one of the largest marine protected areas in Mexico. Studies on high population centers that are popular fishing and recreational areas, like the Grijalva-Usumacinta River System and the state of Veracruz, can serve as models to promote and enhance public awareness, motivate effective management for current or projected OOCA impacts, with the ultimate goal of protecting or restoring ecosystems (Duarte et al., 2008). Other poorly understood systems include karst environments. Much of the geology in the Gulf (east of Louisiana in the U.S., Cuba, and Mexico) is karst. These systems are unique in that the dissolution of carbonate rocks can increase TA and DIC, yet how these systems influence OOCA is uncertain (Patin et al., 2021; Barranco et al., 2022; Martínez-Trejo et al., 2024). Limited in-situ studies have been conducted in coral reef ecosystems in the Gulf (e.g. Crook et al., 2012; Dee et al., 2019; Guan et al., 2020; Lawman et al., 2022).

To tackle these gaps, participants determined that all three nations need higher temporal and spatial resolution measurements. Short term or temporally infrequent data collections can provide some information (e.g. Hall et al., 2024), however frequent and sustained data collection (e.g. from in situ sensors) can more effectively capture key parameter measurements under variable environmental conditions, allowing for a better characterization of daily to seasonal trends in carbonate chemistry across a range of estuarine, coastal and marine settings (Rosenau et al., 2021). The group also recognized that higher temporal and spatial resolution measurements should be paired with biological studies. A unified set of indicator species that are charismatic and relatable to the public would contribute to developing management responses to OOCA (Ducarme et al., 2013). Many species of coral have been well studied for the effects of OOCA (e.g. Lunden et al., 2014; Kurman et al., 2017; Muller et al., 2021; Bove et al., 2022), yet corals are distributed in isolated locations throughout the Gulf and OOCA exposure and impacts do not exist entirely throughout the Gulf. Other, less-studied, yet ecologically and economically relevant organism studies are needed. Impacts of OOCA on marine fish species and food web interactions throughout the Gulf are limited (Osborne et al., 2022). A challenge is that there are currently no standardized methods to assess the effects of OOCA on marine organisms across the Gulf regions. Common species of interest that are found across the Gulf should be identified, and fisheries regulatory agencies should be involved to guide biological research focus (e.g. Galindo-Cortes et al., 2019). Lastly, OOCA vulnerability models are needed for species groups to support ecosystem-based management decisions across nations (Ekstrom et al., 2015; Ocaña et al., 2019).

Addressing these gaps requires increased funding. Funding for marine research in Mexico, Cuba, and the U.S. could come from various sources, including government agencies, private foundations, and international organizations. Participants agree that shared strategies and best practices can be established effectively despite funding limitations. Collaboration on best practices for methods of OOCA sampling and analyses, including standard protocols for biological sampling, is imperative for cross-nation studies. There are currently several best practices manuals for studies on OOCA (e.g. Dickson et al., 2007; Riebessel et al., 2011; Boyd et al., 2019; Sutton et al., 2022); however, some institutions do not have access to the materials, instruments, and methods described in these manuals. To define these best practices throughout the Gulf, joint training activities and shared students can be utilized to grow human capacity. Programs like international internships and fellowships offered by universities or non-government organizations can increase participation (Torres et al., 2017; Sharma, 2024).

Another potential action to overcome these gaps is to begin collaborative interlaboratory comparisons on sampling and carbonate chemistry analyses across nations. Shared data and the usefulness of these measurements will depend on data quality and consistency. Historically, interlaboratory comparisons for OOCA analyses have been conducted throughout the U.S. using certified reference materials provided by the Dickson Lab; however, these comparisons have not occurred since 2017 (Bockmon and Dickson, 2015). Likewise, laboratories across the U.S., Mexico, and Cuba have not performed interlaboratory comparisons. As previously stated, many institutions lack the proper equipment and materials to perform interlaboratory comparisons. Organizations like the Global Ocean Acidification Observing Network (GOA-ON) have created low-cost kits for collecting ocean acidification measurements. The GOA-ON in a Box kits have been distributed to scientists in sixteen countries in Africa, Pacific Small Island Developing States, and Latin America, and can be used to train people in the measurement, collection of OOCA indicators and expanding monitoring through citizen science (Valauri-Orton et al., 2025).

There will be socioeconomic impacts from OOCA throughout the Gulf, including tourism and commercial, recreational, and subsistence fishing sectors. Understanding socioeconomic impacts due to OOCA in the Gulf can be improved by better defining the economic values of impacted sectors within each region. The total value of fisheries is well-studied by each country surrounding the Gulf (e.g. Sánchez-Gil et al., 2004; Valle et al., 2011; Ekstrom et al., 2015; Anuario Estadístico de Acuacultura y Pesca 2023), but not the species-specific potential losses if impacted by OOCA. Additionally, valuation of resources may differ depending on the country leading the study and available data (Adams et al., 2004). Understanding the impacts of OOCA on tourism remains a challenge to define.

Another challenge is public education and awareness about OOCA as it relates to the potential impacts on socioeconomic activities. Evaluating and identifying regions or environmental conditions that are conducive to OOCA is critical to mitigating its impacts, yet is hindered by a lack of a sense of urgency in the general public and a lack of media coverage (Tiller et al., 2019). Multiple efforts throughout the US are working toward better public awareness (which are also directed and coordinated with managers and policy-makers), such as the Coastal Acidification Networks, the Ocean Acidification Alliance, NOAA Ocean Acidification Program, the National SeaGrant Programs, and others (Cook and Kim, 2019; Cross et al., 2019; Hall et al., 2020; Osborne et al., 2022). While these efforts are starting to extend across nations, they remain insufficient in certain regions. For example, the Global Ocean Acidification Network (GOA-ON) is an international collaborative network that monitors ocean acidification in marine environments to understand its causes and impacts. It supports the development of mitigation and adaptation strategies. The network encourages the formation of regional centers, such as the North American and Caribbean Hubs, where EUA, Mexico, and Cuba are all included, to collect comparable data and support predictive models. In addition, in Mexico, the Mexican carbon Program (PMC) also seeks to coordinate scientific activities related to carbon cycle studies carried out, act as Mexico’s scientific counterpart to similar programs in other countries, develop and promote scientific research related to the carbon cycle in the country, and systematize scientific information on carbon.

Results from this meeting indicated a strong need for a tri-national network on OOCA. Since the summit, some progress has occurred, laying a foundation toward achieving some of the identified priorities. Short-term and long-term communication needs were determined. In the short term, a web page was developed by HRI (https://www.harteresearch.org/collaboration/trinational-initiative-mexico-and-cuba-0, accessed 03/29/25) including a linked page to the tri-national network on OOCA (https://gcoos.org/oa-trinational/, accessed 03/29/25) and multiple press releases were developed. In the long-term, priority international OOCA projects were agreed upon (Table 2). A more comprehensive Gulf of Mexico Ecosystems and Carbon Cycle (GOMECC) cruise began in 2017. It continued with the 2021 cruise, sampling international waters of Mexico and Cuba for the first time to establish an OOCA monitoring network to quantify the increase in near-surface water carbon dioxide and associated changes in inorganic carbon speciation (Barbero et al., 2019). Supported by NOAA OAP, GOMECC-5 is scheduled for the fall of 2025. A series of webinars were presented virtually and focused on establishing collaborative opportunities among the US Marine Biodiversity Observation Network (MBON), GCAN and the Southeast Ocean and Coastal Acidification Network (SOCAN) (https://gcoos.org/webinars2024/; accessed 3/25/25). The goal of building synergy across networks to advance science in support of resource management and the Blue Economy aligns with the goals of the tri-national OOCA network. Topics of discussion included advancing the state of MBON and OOCA science, identifying opportunities to bridge MBON and OOCA science, synthesizing lessons learned, and developing new partnerships. GCOOS has since opened membership to international collaborators. These initiatives are also synergistic with ongoing efforts to facilitate cross-national collaboration (Machlis et al., 2012; Ayala-Castañares and Knox, 2000; UNIDO, 2014; Zaldívar-Jiménez et al., 2017).

There has also been progress from each represented nation’s policies on OOCA throughout the Gulf since this initiative occurred. In 2023, the US Ocean Acidification Action Plan was established, which outlines strategies for mitigation, adaptation, and resilience to OOCA (Interagency Working Group on Ocean Acidification, 2023). This plan also aligns with the International Alliance to Combat Ocean Acidification (OA Alliance), which the US joined in 2022. In this plan, the US commits to working with communities worldwide to share knowledge and build capacity to address the shared challenges of OOCA. The US has also added a new Coastal Acidification Network (The Caribbean CAN [Cari-CAN]) to its network within NOAA. Cari-CAN engages with international bodies like the UNESCO Intergovernmental Oceanographic Committee and other research networks to address OOCA. Cuba continues to be a part of the Research Network of Marine-Coastal Stressors in Latin America and the Caribbean (REMACO) project (www.remarco.org/en/cuba/, accessed 9/22/2025). This network aims to establish current levels of OOCA and promote policies aimed at reducing CO2 emissions. Most recently, Cuba is participating in the project Strengthening Regional Capabilities on the Application of Nuclear and Isotopic Techniques to Increase Knowledge about Stressors that Affect Marine and Coastal Sustainable Management (ARCAL CLXXXIX; https://remarco.org/en/cuba/) as part of their participation in the Research Network of Marine-Coastal Stressors in Latin America and the Caribbean (REMARCO; https://remarco.org/en/). (Nuclear techniques refer to contaminant detection.) Data from Cuba is currently being uploaded to the United Nations SDG 14.3.1 Monitoring Portal and a monitoring tool developed by UNESCO’s Intergovernmental Oceanographic Commission to share ocean acidification data (Grabb et al., 2025). Mexico is expected to publish an updated national policy for the sustainable management of Mexico’s seas and coasts during the latter half of 2025: Política Nacional para el Manejo Sustentable de Mares y Costas 2025 (https://sdgs.un.org/partnerships/publication-updated-national-policy-sustainable-management-mexicos-seas-and-coasts). This policy will serve as Mexico’s Sustainable Ocean Plan, is part of the country’s commitments to the High-Level Panel for a Sustainable Ocean Economy and preliminarily includes a focus on OOCA. Some initiatives will likely overlap between the three nations. Future efforts should support collaborative efforts that complement existing monitoring efforts and the understanding of the drivers of OOCA in the Gulf.

A trinational initiative involving the US, Mexico, and Cuba is crucial for understanding OOCA in the Gulf due to the shared nature of marine ecosystems and the transboundary challenges they face. The Gulf’s diverse habitats and species, including shellfish and coral reefs, are vulnerable to OOCA, which poses significant ecological and economic threats. Collaborative efforts enable the pooling of resources, expertise, and data, leading to a more comprehensive understanding of acidification patterns and impacts across the entire Gulf region. Such cooperation fosters the development of unified strategies and policies to mitigate adverse effects, benefiting all nations involved.
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Introduction

Ocean acidification (OA), resulting from the absorption of increasing atmospheric CO2 by the oceans, represents a major threat to marine organisms. Despite growing concern, the biochemical responses of Antarctic species to OA remain poorly understood.


Methods

This study investigated the impact of OA (pH 7.70 ± 0.09) on the fatty acid (FA) composition of the Antarctic snail Neobuccinum eatoni over a two-month experimental period (December 2015–March 2016). Fatty acid profiles were analyzed in multiple tissues to assess potential alterations induced by low-pH (LpH) conditions.


Results

Significant tissue-specific changes in FA composition were detected, particularly in the mantle and gill. Under LpH exposure, notable modifications occurred in long-chain polyunsaturated fatty acids (LC-PUFAs) such as 22:5n-3, 22:6n-3, and 24:5n-6. Elevated LC-PUFA levels in the mantle suggested a compensatory response to oxidative stress, while shifts in the n-3/n-6 ratios in the gill pointed to potential alterations in immune and anti-inflammatory functions.


Discussion

Indicators of homeoviscous adaptation (HVA), including PUFA/SFA ratios and mean chain length (MCL), revealed biochemical strategies used by N. eatoni to maintain membrane fluidity under acidified conditions. This study provides the first evidence of FA-based responses to elevated pCO₂ in an Antarctic gastropod, highlighting the potential of fatty acids as sensitive biomarkers of physiological adaptation to environmental stressors.
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1 Introduction

The Anthropocene, which began with the Industrial Revolution in the 18th century, is characterized by significant human impact on a global scale, marked by an unprecedented and rapid increase in atmospheric CO2 levels (Gingerich, 2019). Oceanic uptake of excess CO2 helps mitigate anthropogenic emissions at the expense of inducing ocean acidification (OA). This process alters the physicochemical properties of seawater, profoundly affecting marine organisms and ecosystem functions (Findlay and Turley, 2021). Key marine species are already experiencing significant impacts, threatening biodiversity and essential ecosystem services (Gattuso et al., 2015; Shi and Li, 2024; Teixidó et al., 2024).

The severity of OA impacts is expected to vary across regions, with high-latitude areas experiencing more intense effects at finer spatial scales. The Southern Ocean (SO) plays a disproportionately large role in global carbon uptake, accounting for 30–40% of anthropogenic CO2 absorption (Fisher et al., 2025). This, combined with naturally low calcium carbonate (CaCO3) levels and the increased solubility of CO2 in cold waters (Hancock et al., 2020), contributes to its already low buffering capacity, making the SO ecosystem particularly vulnerable to OA. Aragonite saturation is biologically important because it determines the availability of carbonate ions necessary for calcifying organisms to form and maintain their shells and skeletons. For example, pteropods and corals rely on supersaturated aragonite conditions to precipitate calcium carbonate structures, and declines in aragonite saturation due to ocean acidification can lead to shell dissolution and impaired growth (Fabry et al., 2008; Orr et al., 2005). These physiological effects on key species can cascade through the web, ultimately impacting ecosystem structure and function. For instance, projections based on an ensemble of ten Earth system models indicate that aragonite undersaturation events will begin to spread rapidly around 2030, affecting approximately 30% of the SO surface waters by 2060, and more than 70% by 2100 (Hauri et al., 2015). Moreover, from 2003 to 2022, CO2 absorption increased by 0.076 gC m−2 per month in the Atlantic region of the SO, largely due to enhanced westerly winds linked to the Antarctic Oscillation (AO) and events related to the El Niño Southern Oscillation (ENSO) (de Carvalho et al., 2025). This means that Antarctic biota are exposed to potentially accelerated and more severe OA conditions than elsewhere.

OA not only impedes biomineralization and leads to shell dissolution in calcifiers, but it also exerts broader impacts on marine biota through cascades of physiological and biochemical mechanisms, often involving energetic trade-offs and complex cellular adjustments (Johnson and Hofmann, 2017; Servetto et al., 2023, 2025). Under elevated partial pressure of carbon dioxide (pCO2), meeting these physiological and metabolic demands requires significant energy, which forces a reallocation of limited energy budgets away from other vital functions. Thus, beyond direct physiological impacts, reproduction, growth, and development can also be adversely affected (Kroeker et al., 2013; Turner et al., 2016). To meet this energetic demand, organisms generally rely on lipid reserves and adjust fatty acid (FA) composition (Gibbs et al., 2021), diverting resources toward processes such as enhanced glycolipid metabolism as observed in Crassostrea gigas under acid stress (Wang et al., 2025). These energetic trade-offs generally manifest as reductions in total lipid content and a shift in key fatty acid ratios (e.g., decreased polyunsaturated fatty acids (PUFAs)/saturated fatty acids (SFA)), providing a sensitive proxy for potential hidden costs of OA (Valles-Regino et al., 2015). The close link between FAs and fundamental physiological processes makes them powerful biomarkers for assessing health and stress responses in marine organisms (Capitão et al., 2017; Ericson et al., 2019). FAs are essential components of cellular membranes and key energy sources for metabolism (Arts and Kohler, 2009; Hedberg et al., 2023). Within immune and physiological functions, polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3) play critical roles in lipid metabolism, reproduction, and anti-inflammatory processes (Corsolini and Borghesi, 2017; Schmitz and Ecker, 2008). Although less abundant, arachidonic acid (ARA, 20:4n-6) acts as a precursor of eicosanoids that regulate immune responses and other physiological pathways (Stanley-Samuelson et al., 1988). Ratios such as n-6/n-3 PUFAs provide further insight into stress and inflammation (Ericson et al., 2019; Van Anholt et al., 2004).

In addition, homeoviscous adaptation—where organisms adjust membrane fluidity in response to environmental change—is commonly evaluated through PUFA/SFA ratios and mean carbon chain length (MCL) (Bennett et al., 2018; Ericson et al., 2019). For instance, temperature-driven shifts in MCL have been documented in the sponge Rhopaloeides odorabile (Bennett et al., 2018), while reductions in saturated and monounsaturated fatty acids were observed in Artemia sinica and the gastropod Dicathais orbita under short-term acidifying CO2 conditions (Valles-Regino et al., 2015; Gao et al., 2018). These findings underscore the sensitivity of FA composition to environmental stress in aquatic organisms and ecosystems (Fadhlaoui and Lavoie, 2021). Gastropods are key components of benthic ecosystems, driving nutrient cycling, grazing, and serving as prey for higher trophic levels (Dennis et al., 2021). Their heavily calcified shells make them especially vulnerable to OA, which not only impairs calcification but also inhibits growth and development (Kroeker et al., 2013). Additionally, if the cost of coping with acidic conditions compromises lipid reserves (particularly essential FAs like EPA and DHA), it may reduce their nutritional value and jeopardize predator health and survival throughout the food web (Gladyshev et al., 2013; Zhukova, 2019). While research on Antarctic gastropods is still limited, studies on other Antarctic mollusks have shown that elevated CO2 levels can impair physiological performance (Cummings et al., 2011; Johnson and Hofmann, 2017; de Aranzamendi et al., 2021). For example, de Aranzamendi et al. (2021) examined the impact of OA on the Antarctic limpet Nacella concinna. During a 15-day controlled laboratory exposure to low pH, sublittoral individuals displayed downregulation of heat-shock protein genes (HSP70A and HSP70B), indicating a stress response to acidified conditions. These results suggest that OA alone can substantially disrupt the physiological functioning of N. concinna, potentially reducing their resilience under future OA scenarios.

This study focuses on Neobuccinum eatoni, an Antarctic gastropod found in shallow coastal areas to over 2000 meters deep. As an endemic species dominating Antarctic benthic ecosystems (Schiaparelli et al., 2006; Norkko et al., 2007), N. eatoni represents a relevant model species to assess the impacts of OA. Model projections under elevated CO2 emissions suggest a substantial decline in suitable habitat for N. eatoni, underscoring both its susceptibility to ocean acidification and the need to prioritize research on this species (González et al., 2024). This study examines the specific effects of OA on the FA composition of N. eatoni, aiming to determine the effect of OA on the FA composition of the Antarctic snail N. eatoni, by comparing individuals exposed to acidified conditions with those maintained under control conditions. Recognizing the established link between FA profiles and environmental stressors (including temperature, pH, and nutrient availability), the research focuses on key FA indicators associated with immune functions (such as the 22:6n-3/20:4n-6 and n-3/n-6 ratios), and HVA (including MCL and PUFA/SFA ratios). These metrics were analyzed across tissues (mantle, gill, gonads, and foot) with distinct metabolic roles and lipid requirements. Experimental exposures were conducted under current ambient CO2 levels and elevated concentrations projected for 2100 under the high-emission RCP8.5 scenarios (IPCC, 2019), simulating future ocean conditions.

The central hypothesis posits that N. eatoni exposed to elevated CO2 levels will exhibit significant alterations in FA composition, reflecting changes in immune function and membrane fluidity compared to controls (individuals under current ambient conditions). Using FA profiles, the study addresses this question: could FA composition serve as a potential biomarker of stress in snails exposed to OA? By exploring these questions, the research aims to elucidate the mechanisms by which OA affects marine organisms at the biochemical level, enhancing our understanding of the potential impacts on Antarctic marine life.


2 Materials and methods


2.1 Study area

The experiment was carried out for 66 days in Potter Cove (PC) (62°14′S., 58°40′W; King George/25 de Mayo Island - South Shetlands - Antarctica) during the summer campaign of 2015-2016 (from December to March) (Figure 1). N. eatoni was collected by scuba diving at approximately 15 m depth, and they were immediately placed in seawater containers and transported to the experimental aquarium at the Argentinian research station Carlini. Prior to altering the pCO2, the snails were placed for seven days in an individual acclimation tank [with a continuous flow of seawater, maintained at in situ natural conditions (approximately 8.03)].
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Figure 1 | Study area. Antarctic Peninsula showing the location of 25 de Mayo Island. 25 de Mayo Island, with the location of Potter Cove indicated, and Potter Cove detailing the sampling area.


2.2 Experimental design

We implemented an experimental CO2-manipulation system following the same experimental design utilized in previous studies on zoo-benthic Antarctic species exposed to OA (de Aranzamendi et al., 2021; Servetto et al., 2021, 2023, 2025) (Figure 2). Seawater was continuously supplied from the field to two main header tanks (150 L each), designated as the acidified treatment (hereafter referred to as low pH, LpH) and the control. pH levels were continuously monitored using glass electrodes (LL Ecotrodeplus, Metrohm) connected to a pH controller (Consort R3610, Turnhout, Belgium). The LpH tank was gradually acidified by bubbling CO2 gas (99.9% purity) until reaching a target pH of 7.68 ± 0.17, representing ~1000 µatm pCO2, a reduction of approximately 0.3–0.4 pH units relative to the control. The control tank was maintained to reflect the natural pH variability recorded at the snails’ collection depth (15 m). It continuously received unaltered seawater directly supplied from the PC. Individual snails (N = 6; two individuals per tank) were placed in separate subsidiary smaller aquaria (~6 L), each connected to a continuous flow of seawater supplied from either the LpH or control head tank (Figure 2). The experimental sample size (5–6 cm) was carefully selected to minimize potential impacts on the individuals. As these snails are Antarctic organisms and little is known about their population in PC (Sahade et al., 2015; personal observation), a precautionary approach was taken by limiting the number of specimens collected. To minimize evaporation and reduce gas exchange with the air, each tank was covered with a methacrylate lid. Electrodes were calibrated daily using Tris buffers of known pH values, following standard procedures (SOP6a of Dickson et al., 2007). Weekly, 50 mL water samples were collected from the head tanks and fixed with HgCl2 for subsequent total alkalinity (TA) analysis. TA was quantified via Gran titration (Smith and Kinsey, 1978) employing a sample exchanger coupled to a TitroLine alpha plus titration system (SI Analytics, Mainz, Germany) equipped with an A157–1 M-DIN-ID pH electrode, and conducted in accordance with standard operating procedure SOP 3a (Dickson et al., 2007). Carbonate chemistry parameters were calculated with the CO2SYS spreadsheet (Pierrot et al., 2006), using dissociation constants for carbonate determined by Mehrbach et al. (1973) and refitted by Dickson and Millero (1987). A summary of the physicochemical parameters of seawater is provided in Table 1. Temperature and salinity were not experimentally manipulated; instead, natural conditions from the cove were maintained throughout the study. Nevertheless, both parameters were continuously monitored during the experimental period to account for natural oscillation and support data interpretation (Table 1).
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Figure 2 | Experimental setup (following Servetto et al., 2021). Neobuccinum eatoni were collected by scuba divers in the Antarctic summer campaign 2015–2016 and acclimated until the start of experimentation. Seawater was continuously supplied to two head tanks: (A) control and (B) low pH head tank (7.70 ± 0.09). From each head tank, seawater was delivered to three smaller aquaria where the animals were placed separately. After exposure, tissue samples from the snail (mantle, gill, gonads, and foot) were taken for fatty acid analyses.

Table 1 | Summary of seawater physicochemical conditions during the experiment with the Antarctic snail Neobuccinum eatoni (Servetto et al., 2023).


	Treatment
	Measured parameters
	Calculated parameters


	TA
	pHT
	HCO3
	pCO2
	[CO2]aq
	Ω Ca
	Ω Ar



	Low pH
	2747 ± 669
	7.70 ± 0.09
	3065.5 ± 975.9
	975.74 ± 130
	62.26 ± 8.15
	1.37 ± 0.59
	0.85 ± 0.37


	Ambient pCO2
	2849 ± 640
	8.00 ± 0.16
	2442.8 ± 484.74
	473.4 ± 129.36
	30.06 ± 8.20
	2.73 ± 1.43
	1.71 ± 0.89


Temperature (1.04 ± 0.26°C), Salinity (32.51 ± 0.67), TA total alkalinity (μmol/kg SW), and pH in total scale [pHT] were measured. The partial pressure of CO2 [pCO2] (μatm), bicarbonate ion concentration [HCO3−] (μmol/kg SW), CO2 concentration in seawater [CO2]aq (μmol/kg SW), ΩCa saturation state of seawater to calcite and ΩAr saturation state of seawater to aragonite were calculated using CO2SYS (Lewis et al., 1998). Data are expressed as mean ± SD. N = 643 for pH and N = 9 for the rest of the variables.


After two months of incubation under experimental conditions, the animals were dissected. Different tissues were selected for the FA analysis based on their functional and metabolic roles. Samples of mantle, gill, gonads, and foot were separated, stored at –80°C, and subsequently transported to Ghent University (Ghent, Belgium) for FA analysis. Results are expressed as both percentages and in μg·mg−¹ dry weight (DW).


2.3 Fatty acid profiling

FA methyl esters (FAME) were prepared via a direct transesterification procedure with 2.5% (v:v) sulfuric acid in methanol as described by De Troch et al. (2012) to achieve total FA analysis. An internal standard (FA 19:0 5 µg) was added to the freeze-dried tissue samples (~ 10 mg). FAME was extracted twice with hexane. FA composition was carried out using a gas chromatograph (GC) (HP 7890B. Agilent Technologies, Diegem. Belgium) equipped with a flame ionization detector (FID) and connected to an Agilent 5977A Mass Selective (MS) Detector (Agilent Technologies). The GC was equipped with a PTV injector (CIS-4. Gerstel. Mülheim an der Ruhr. Germany). A 60 m×0.25 mm×0.20 μm film thickness HP88 fused silica capillary column (Agilent Technologies) was used for the GC analysis at a constant Helium flow rate (2 mL min-1). The injection sample volume was 2 μL, and the oven temperature program was set as Boyen et al. (2020) described. The signal obtained with the FID detector was used to generate quantitative data on all compounds (MassHunter Quantitative Analysis Software, Agilent Technologies). Chromatogram peaks were identified based on their retention times. Quantification was done through the external standards (Supelco 37 Component FAME Mix, Sigma-Aldrich). Mean FA chain length (MCL) was calculated using the equation from Guerzoni et al. (2001):

MCL=∑(FAP x C)/100

where FAP is the percentage of fatty acid; C number of carbon atoms.

QC/QA procedures included repeated measurements of water chemistry parameters using calibrated instruments, verification of FA identification against reference standards, and cross-validation of statistical outputs. Residuals and diagnostic plots were systematically examined to ensure model assumptions were met, and all analyses were independently reproduced to confirm consistency.


2.4 Data analysis

To verify the consistency of experimental conditions, a t-test was performed on the measured water parameters (pH, CaCO3, total alkalinity (TA), and temperature) to detect any significant differences between control and LpH treatments. FA profiles of different tissues were analyzed using Principal Component Analysis (PCA), while Non-Metric Multidimensional Scaling (nMDS) was conducted separately for each tissue type. The homogeneity of variances was assessed using Bartlett’s test, and homoscedasticity and normality were further evaluated through residual analysis. Differences in FA composition among treatments were tested using an ANOVA (with tanks nested within treatments to account for potential tank effects). Additionally, a t-test was performed to compare the LpH treatment and control groups within each tissue after 66 days of the experimental condition. All statistical analyses were conducted using R version 3.6 for Microsoft Windows (R Core Team, 2020), with significance set at p < 0.05.


3 Results


3.1 Experimental conditions

The experimental setup successfully verified the targeted pH conditions (7.70 ± 0.09) despite variability in the incoming natural seawater throughout the experiment. The treatment was consistently maintained at a lower pH (7.70) compared to the control (8.00) (t-test, T = 4.94, p < 0.01) (Table 1). Additionally, the average bicarbonate ion concentration (HCO3−) and aragonite saturation state (ΩAr) differed significantly between the two conditions over the 66-day exposure period (T = -7.95, p < 0.01 and T = 2.60, p = 0.0266, respectively). In contrast (Table 1). Similarly, pCO2 (µatm) was significantly higher in the LpH treatment compared to ambient conditions (mean ± SD: 975.74 ± 61.25 vs. 473.43 ± 40.24; T = -9.45, p < 0.0001), and aqueous CO2 concentration ([CO2]aq, µmol kg−¹) also increased significantly under elevated pCO2 (62.26 ± 7.49 vs. 30.06 ± 3.99; T = -9.65, p < 0.0001). TA did not vary significantly between treatments for either variable (T = -1.53, p > 0.1407).



3.2 Fatty acid composition

A total of 20 FAs were identified in N. eatoni, grouped as saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids (Table 2). PUFA was the predominant group across all tissues (Supplementary Figure S1). FA composition varied among tissues and treatments, with the foot and mantle showing similar ranges, while the gonads exhibited the highest MUFA content (19.43–40.40%).


Table 2 | Total concentrations (mg/µg DW) in various tissues of the Antarctic snail Neobuccinum eatoni under control conditions and low pH exposure (LpH).


	Tissue
	FA
	Media (LpH)
	Media (C)
	T
	p-valor



	Foot
	14:0
	0.11
	0.10
	1.09
	0.3019


	Foot
	15:0
	0.11
	0.11
	0.32
	0.7590


	Foot
	16:0
	2.09
	1.97
	0.63
	0.5460


	Foot
	17:0
	0.28
	0.24
	1.46
	0.1953


	Foot
	18:0
	1.42
	1.30
	1.14
	0.2819


	Foot
	16:1 n-7
	0.08
	0.06
	0.98
	0.3497


	Foot
	18:1 n-9
	0.44
	0.41
	0.52
	0.6119


	Foot
	18:1 n-7
	0.28
	0.27
	0.33
	0.7493


	Foot
	20:1 n-11
	0.77
	0.75
	0.15
	0.8853


	Foot
	20:1 n-9
	0.27
	0.31
	-1.03
	0.3276


	Foot
	20:1 n-7
	0.43
	0.33
	2.27
	0.0634


	Foot
	18:2 n-6
	0.15
	0.13
	0.59
	0.5704


	Foot
	18: 2
	0.09
	0.08
	1.37
	0.1996


	Foot
	20:2 n-6
	0.35
	0.33
	0.29
	0.7747


	Foot
	20:4n-6 (ARA)
	1.18
	1.19
	-0.07
	0.9462


	Foot
	20:5n-3 (EPA)
	2.96
	2.68
	1.35
	0.2056


	Foot
	22:4n-6 (DHA)
	0.18
	0.15
	1.24
	0.2442


	Foot
	22:5 n-3 (DPA)
	0.93
	0.83
	1.38
	0.1981


	Foot
	22:6 n-3
	0.47
	0.42
	0.78
	0.4546


	Foot
	24:5 n-6
	0.12
	0.11
	0.51
	0.6218


	Gill
	14:00
	0.08
	0.09
	-0.74
	0.4741


	Gill
	15:00
	0.12
	0.2
	-2.26
	0.0474


	Gill
	16:00
	1.53
	2.71
	-2.68
	0.0232*


	Gill
	17:00
	0.19
	0.33
	-3.64
	0.0045*


	Gill
	18:00
	0.87
	1.35
	-2.23
	0.0496


	Gill
	16:1 n-7
	0.06
	0.11
	-1.85
	0.0942


	Gill
	18:1 n-9
	0.28
	0.33
	-0.68
	0.5142


	Gill
	18:1 n-7
	0.25
	0.54
	-2.59
	0.0268*


	Gill
	20:1 n-11
	0.62
	1.45
	-3.03
	0.0126*


	Gill
	20:1 n-9
	0.18
	0.43
	-3.21
	0.0093*


	Gill
	20:1 n-7
	0.3
	0.48
	-2.03
	0.0694


	Gill
	18:2 n-6
	0.12
	0.54
	-3.29
	0.0081*


	Gill
	18:02
	0.08
	0.12
	-1.86
	0.0923


	Gill
	20:2 n-6
	0.3
	0.87
	-3.39
	0.0069*


	Gill
	20:4n-6 (ARA)
	0.86
	2
	-2.93
	0.0151*


	Gill
	20:5n-3 (EPA)
	2.37
	3.51
	-1.99
	0.0744


	Gill
	22:4n-6 (DHA)
	0.12
	0.24
	-2.3
	0.0446*


	Gill
	22:5 n-3 (DPA)
	0.58
	1.04
	-2.51
	0.0309*


	Gill
	22:6 n-3
	0.2
	0.53
	-3.07
	0.0118*


	Gill
	24:5 n-6
	0.09
	0.12
	-1.45
	0.197


	Gonad
	14:00
	0.37
	0.63
	-1.17
	0.2705


	Gonad
	15:00
	0.2
	0.24
	-0.56
	0.5896


	Gonad
	16:00
	4.91
	5.25
	-0.26
	0.8019


	Gonad
	17:00
	0.6
	0.56
	0.3
	0.7714


	Gonad
	18:00
	2.29
	2.3
	-0.02
	0.9867


	Gonad
	16:1 n-7
	0.5
	0.65
	-0.61
	0.5577


	Gonad
	18:1 n-9
	0.73
	1.33
	-1.12
	0.2889


	Gonad
	18:1 n-7
	1.64
	1.95
	-0.38
	0.7154


	Gonad
	20:1 n-11
	3.21
	3.7
	-0.53
	0.6106


	Gonad
	20:1 n-9
	0.76
	1.77
	-1.54
	0.1557


	Gonad
	20:1 n-7
	3.18
	3.96
	-0.61
	0.5527


	Gonad
	18:2 n-6
	1.39
	0.7
	1.57
	0.1485


	Gonad
	18:02
	0.42
	0.51
	-0.39
	0.7022


	Gonad
	20:2 n-6
	1.96
	1.04
	1.62
	0.1359


	Gonad
	20:4n-6 (ARA)
	0.98
	1.15
	-0.54
	0.6015


	Gonad
	20:5n-3 (EPA)
	7.36
	7.28
	0.04
	0.9703


	Gonad
	22:4n-6 (DHA)
	0.46
	0.45
	0.04
	0.9663


	Gonad
	22:5 n-3 (DPA)
	1.89
	1.77
	0.12
	0.906


	Gonad
	22:6 n-3
	2.7
	2.59
	0.18
	0.8593


	Gonad
	24:5 n-6
	0.11
	0.13
	-0.57
	0.5928


	Mantle
	14:00
	0.11
	0.09
	1.8
	0.131


	Mantle
	15:00
	0.11
	0.07
	4.03
	0.003*


	Mantle
	16:00
	1.74
	1.32
	3.58
	0.0059*


	Mantle
	17:00
	0.2
	0.14
	4.14
	0.0025


	Mantle
	18:00
	1.16
	0.92
	3.16
	0.0116*


	Mantle
	16:1 n-7
	0.08
	0.05
	2.48
	0.0353*


	Mantle
	18:1 n-9
	0.29
	0.24
	1.36
	0.2079


	Mantle
	18:1 n-7
	0.22
	0.15
	2.3
	0.0615


	Mantle
	20:1 n-11
	0.84
	0.62
	2.97
	0.0158*


	Mantle
	20:1 n-9
	0.21
	0.19
	0.35
	0.7308


	Mantle
	20:1 n-7
	0.4
	0.28
	3.98
	0.0032*


	Mantle
	18:2 n-6
	0.13
	0.09
	2.38
	0.0412


	Mantle
	18:02
	0.07
	0.04
	4.05
	0.0067*


	Mantle
	20:2 n-6
	0.33
	0.24
	2.74
	0.0228*


	Mantle
	20:4n-6 (ARA)
	1.22
	0.98
	1.42
	0.1893


	Mantle
	20:5n-3 (EPA)
	2.42
	1.76
	3.85
	0.0039*


	Mantle
	22:4n-6 (DHA)
	0.17
	0.1
	2.73
	0.0342*


	Mantle
	22:5 n-3 (DPA)
	0.77
	0.5
	3.12
	0.0124*


	Mantle
	22:6 n-3
	0.4
	0.29
	2.73
	0.0232*


	Mantle
	24:5 n-6
	0.12
	0.09
	3.62
	0.0056*


Statistical analyses were performed using a t-test, with asterisks denoting significant differences (p < 0.05).


Multivariate analyses supported these tissue-specific patterns. Principal Component Analysis (PCA) revealed a clear separation along PC1, differentiating the gonad’s FA composition from that of gill, foot, and mantle tissues (Figure 3). Within this framework, differences between control and LpH conditions were most evident in the gills. Similarly, non-metric Multidimensional Scaling (nMDS) indicated a marked distinction between control and LpH treatments in gill and mantle tissues, while this separation was less pronounced in the other tissues (Figure 4).

[image: PCA biplot showing two components, PC1 (47.4%) and PC2 (24%). Various lipid types are represented by vectors, with sample groups marked by color-coded triangles: green, teal, red, orange, and purple, categorized as control and LpH for foot, gonad, gill, and mantle tissues.]
Figure 3 | Principal Component Analysis (PCA) illustrating the relative (%) composition of fatty acids in different tissues (gonad, gill, mantle, and foot) of the Antarctic snail Neobuccinum eatoni under acidified conditions (LpH = low pH; (7.70 ± 0.09)) compared to control conditions.
[image: Four radial plots labeled Foot, Gill, Gonad, and Mantle display Bray Curtis similarity analysis with 2D stress values. Each plot shows lines radiating from the center, labeled with numeric and chemical identifiers. Green triangles represent the Control treatment, and blue inverted triangles represent the LpH treatment. Plots show varying distributions of these symbols around the circle, indicating differences in composition or treatment effects.]
Figure 4 | Non-metric Multidimensional Scaling (MDS) analysis depicting tissue fatty acid composition variability. LpH = low pH (7.70 ± 0.09).
Under LpH conditions, opposite patterns were observed in gill and mantle tissues. In the gills, total SFA, MUFA, PUFA, and LC-PUFA contents were significantly higher in the control group than in LpH-exposed snails (Figure 5; Supplementary Table S1). The PUFA/SFA and MCL ratios followed the same trend, whereas the 20:5n-3/20:4n-6 and n-3/n-6 ratios were elevated under LpH. EPA was the most abundant FA in the gills, although no significant difference was detected between treatments. Several other FAs, including 20:2n-6, ARA, DHA, 22:5n-3, and MUFAs such as 18:1n-7, 20:1n-11, and 20:1n-9, were significantly higher in control samples (Table 2).

[image: Boxplot chart showing fatty acid composition in different mussel tissues under control and LpH conditions. Panels include measurements for Σ MUFA, Σ PUFA, Σ SFA, 20:5n–3/20:4n–6, 22:6n–3/20:4n6, LC-PUFA, MCL, n–3/n–6, and PUFA/SFA. Each panel compares four tissues: foot, gill, gonad, and mantle, with significant differences marked by red asterisks.]
Figure 5 | Fatty acid composition (mg/µg DW) across various Antarctic snail Neobuccinum eatoni tissues under low pH (LpH) (7.70 ± 0.09) and control conditions, with asterisks denoting significant differences (p < 0.05).
Conversely, in the mantle, SFA, MUFA, PUFA, and LC-PUFA levels were significantly higher under LpH exposure. The PUFA/SFA ratio and MCL indicator also increased in LpH samples compared to controls (Figure 5; Supplementary Table S1). Most mantle FAs were significantly altered by acidification, with EPA, DHA, 22:5n-3, 22:6n-3, and 24:5n-6 showing particularly elevated levels under LpH conditions (Table 2; Supplementary Table S2).


4 Discussion

This study represents the first investigation into the response of N. eatoni to projected OA scenarios, providing novel evidence of tissue-specific sensitivity through FA composition analyses. Our findings demonstrate that exposure to LpH conditions induces significant alterations in FA profiles, with distinct patterns observed between gill and mantle tissues.


4.1 Tissue-specific fatty acid profiles

FA composition varied considerably among tissues, with PUFAs predominating across all samples. The gonads displayed the highest MUFA content, likely reflecting their reproductive function and energy storage role. In contrast, the gills and mantle were more responsive to OA exposure. In gills, total SFA, MUFA, PUFA, and LC-PUFA levels were significantly reduced under LpH conditions, indicating a reorganization of FA composition in response to environmental stress. Notably, ARA (20:4 n-6) levels also decreased, which could reduce the production of eicosanoids, potentially compromising inflammatory signaling and immune plasticity (Supplementary Table S3). Conversely, in the mantle, these same FA classes were elevated under LpH. The increased LC-PUFA content in the mantles may represent an adaptive response to mitigate oxidative damage and maintain membrane integrity under environmental stress. LC-PUFAs, particularly DHA and EPA, play a crucial role in modulating oxidative stress, as they are involved in the regulation of antioxidant defense mechanisms and inflammatory responses (Monroig et al., 2013). While this mechanism has been previously documented in marine microorganisms (Okuyama et al., 2008), studies have also shown the involvement of LC-PUFAs in oxidative stress responses in marine invertebrates, such as mollusks and crustaceans (Monroig et al., 2013; Lv et al., 2021).

The observed tissue-specific variations in DHA levels between the mantle and gill tissues of N. eatoni under LpH conditions may be attributed to the distinct physiological roles and environmental exposures of these tissues. The mantle, primarily responsible for shell formation and protection, exhibited elevated DHA levels under LpH conditions, suggesting an adaptive mechanism to maintain membrane fluidity and integrity in response to environmental stressors. This lipid remodeling could enhance the mantle’s resilience to oxidative stress induced by ocean acidification. However, this strategy may involve a metabolic cost, diverting resources from other physiological processes such as growth or reproduction.

In contrast, the gills, which are directly exposed to the external environment and are the main site for respiration and ion regulation, contained higher DHA concentrations in the control samples. Under LpH conditions, the reduced DHA levels in the gills likely reflect increased lipid peroxidation caused by elevated reactive oxygen species (ROS) (Fadhlaoui and Lavoie, 2021; Lushchak, 2021). Gills are known to be particularly susceptible to environmental stressors, including changes in pH, which can lead to oxidative damage and lipid degradation (Harms et al., 2014; Zutshi et al., 2019). This susceptibility necessitates efficient antioxidant defenses to mitigate oxidative damage and maintain cellular function (Mathieu-Resuge et al., 2020). Moreover, the loss of PUFA and increased SFA content in gills could reduce membrane fluidity, potentially impairing critical physiological functions such as ion transport, respiration efficiency, and filtration. These findings underscore the importance of DHA in modulating tissue-specific responses to environmental stress, reflecting the organism’s strategic allocation of lipid resources to maintain functionality under varying conditions.

In mantle tissue, EPA levels were elevated in individuals exposed to LpH conditions. These FAs are well known for their anti-inflammatory properties and their ability to modulate membrane-associated proteins, such as ion channels and transporters (Banaszak et al., 2024). Additionally, they play a crucial role in defining key biophysical properties of biological membranes, including organization, ion permeability, elasticity, and the formation of microdomains (Bruno et al., 2007). A similar pattern was observed by Silva et al. (2017) in Gibbula umbilicalis exposed to metal contamination, further supporting the idea that DHA and EPA serve as reliable biomarkers of environmental stressors, in that particular case, metal pollutants.

Additionally, independent of the OA experiment, we observed differences in FA concentrations between the gonads and the other three analyzed tissues. These differences are primarily driven by the higher abundance of MUFAs in the gonads, where MUFAs represent the predominant FA class. The elevated MUFA suggests a critical role in reproductive processes, likely associated with energy storage and the maintenance of membrane fluidity during gametogenesis. In N. eatoni, this pattern may indicate a physiological adaptation to meet the energetic and structural requirements of gamete development. For example, Kapranova et al. (2019) reported that in the mussel Mytilus galloprovincialis, MUFA concentrations peak in male gonads at the onset of stage 2, whereas SFAs predominate in female gonads throughout stages 1 to 4. This pattern is consistent with our findings in N. eatoni, where the predominance of MUFAs in gonads suggests a comparable role of these fatty acids in supporting reproductive processes. These findings highlight the necessity for further research to elucidate the specific FA composition patterns associated with the reproductive cycle of N. eatoni and their potential ecological implications. Overall, the comparison underscores that differences in gonadal FA profiles across species can inform interpretations of reproductive status and resilience in N. eatoni under changing environmental conditions.



4.2 Immune modulation and n-3/n-6 balance

In addition to their structural and energetic roles, fatty acids contribute to immune regulation. In particular, the balance between n-3 and n-6 PUFAs influences the production of pro- and anti-inflammatory eicosanoids, as both groups compete for the same desaturation and elongation pathways (Monroig and Kabeya, 2018). In our study, the n-3/n-6 ratio remained largely unchanged in mantle, foot, and gonadal tissues, suggesting a stable immune–lipid balance under OA conditions. However, in gill tissues, this ratio was significantly elevated in the LpH group, indicative of a potential shift toward an anti-inflammatory lipid profile under acidified conditions.

Similar findings have been reported in Crassostrea gigas, where OA exposure increased n-3 PUFA content in gills, influencing immune performance and disease susceptibility (Wang et al., 2016). In N. eatoni, this tissue-specific shift may serve as a compensatory immune response to the heightened oxidative and ionic challenges posed by OA. However, whether this adjustment enhances or compromises immune competency remains to be further investigated.


4.3 Homeoviscous adaptation

Homeoviscous adaptation (HVA) refers to modifications in the chemical and mechanical properties of the lipid bilayer that help preserve membrane fluidity under changing stress conditions (Parrish, 2013). In this study, HVA biomarkers—specifically PUFA/SFA ratios and mean chain length (MCL)—revealed effects of elevated CO2 exposure in both mantle and gill tissues. In the gills, a higher PUFA/SFA index under control conditions suggests a decrease in membrane fluidity in response to acidification, potentially indicating an adaptive mechanism for maintaining membrane function. This aligns with known functions of PUFAs enhancing membrane fluidity, and SFAs contributing to membrane stability (Hąc-Wydro and Wydro, 2007). Elevated seawater pCO2 in treatment also influenced MCL in both tissues. The mantle exhibited higher MCL under LpH conditions, suggesting a reduced membrane fluidity as a compensatory response to acidification (Guerzoni et al., 2001). These findings are evidence that OA can modulate HVA pathways in polar invertebrates. In addition, under stress, HVA, through the regulation of lipid class ratios (e.g., ST/PL ratio), may be more energy-efficient than modifications in PUFA/SFA ratios and MCL. HVA pathways have been previously reported as adaptive responses to abiotic stressors in other marine organisms (Somero, 2022). For example, the impact of increasing seawater CO2 and temperature on HVA has been studied in marine sponges (Bennett et al., 2018). They found that certain species used the additional carbon to enhance sterol biosynthesis, which likely reflects an HVA mechanism, providing a potential pathway where elevated CO2 helps to mitigate thermal stress (Bennett et al., 2018).



4.4 Biochemical drivers of FA shifts

While our results support the use of FA profiles as tissue-specific biomarkers of physiological stress in N. eatoni, a more mechanistic understanding of the biochemical underpinnings driving these shifts under pCO2/pH variability is essential. FA composition in marine invertebrates is not static, but rather dynamically regulated through enzymatic pathways such as desaturation and elongation, mediated by desaturases and elongases whose activities are often sensitive to environmental stressors (Monroig et al., 2013; Bell et al., 2016). Changes in pH and CO2 availability can alter cellular acid-base balance, indirectly affecting enzymatic efficiency and gene expression linked to lipid metabolism (Tocher, 2010). Moreover, the remodeling of membrane lipid composition, particularly increases in LC-PUFAs like EPA and DHA, may reflect adaptive strategies to maintain membrane fluidity and functionality under acidified conditions, as observed in both invertebrate and vertebrate systems (Mourente et al., 2022). In gill tissues, reductions in PUFAs under LpH (7.70 ± 0.09) may be associated with impaired membrane-bound processes such as ion transport or respiration, whereas the mantle’s elevated LC-PUFA content could suggest compensatory regulation aimed at preserving cellular performance. Collectively, these tissue-specific FA shifts likely represent a balance between maintaining membrane integrity, oxidative defense, and energetic allocation, highlighting the complex trade-offs faced by N. eatoni under OA stress. Such tissue-specific responses align with broader findings across phyla, including mollusks and crustaceans, where FA remodeling serves as a plastic response to environmental change (Arts and Kohler, 2009; Soudant et al., 2020). Thus, interpreting FA shifts not solely as stress indicators, but as reflections of underlying biochemical and physiological strategies, provides a richer framework for understanding organismal resilience to ocean acidification.


5 Conclusion

This study provides new evidence of tissue-specific alterations in the FA composition of N. eatoni under LpH exposure. Significant changes were observed, particularly in mantle and gill tissues, with shifts in n-3/n-6 ratios and lipid-related indicators (e.g., PUFA/SFA ratio, MCL), suggesting possible effects on membrane properties and immune-related pathways. The depletion of ARA in gills and elevation of LC-PUFAs in the mantle highlight tissue-specific trade-offs between immune regulation and membrane resilience. While our study did not directly measure physiological processes, these FA patterns may serve as biochemical signals of tissue remodeling under OA conditions. Overall, these findings highlight that different tissues of N. eatoni respond distinctly to acidified seawater, offering valuable baseline information on potential sensitivity to OA. Given the scarcity of data on Antarctic gastropods, this work represents a step toward understanding their responses, but longer-term and integrative studies are needed to clarify the physiological and ecological implications, particularly regarding organismal performance and population resilience in polar environments. Considering the ecological and reproductive implications, longer-term and integrative studies are needed to clarify the consequences for organismal performance, survival, and population resilience in polar environments.
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Air–sea CO₂ fluxes in tropical coastal zones are strongly influenced by ENSO variability, but in situ measurements in the Eastern Tropical Pacific remain scarce. We assessed seasonal CO₂ dynamics around Gorgona Island (Panama Bight, Colombian Pacific) under La Niña 2021–2022. From November 2021 to July 2022, we conducted monthly sampling at seven stations spanning the Guapi River plume to the open ocean, measuring physical (SST, SSS, thermocline depth), chemical (TA, DIC, pH, carbonate system parameters), and biological (chlorophyll-a) variables, and estimating net CO₂ fluxes (FCO₂) with the Liss and Merlivat (1986) parameterization and atmospheric CO₂ from NOAA. La Niña featured a cool-water anomaly (−0.78 °C), enhanced precipitation (+59%) and river discharge (+44%) relative to multi-year means. The nine-month mean CO₂ flux was near neutral (−0.01049 ± 0.00014 mol C m⁻²) but strongly seasonal: six post-upwelling months showed slightly positive fluxes (0.00929 ± 0.000147 mol C m⁻²) associated with high precipitation (746.4 ± 214.7 mm), warmer SST (27.5 ± 0.4 °C), elevated pCO₂w (567 ± 97.5 µatm) and lower pH (7.869 ± 0.040), whereas three upwelling months showed slightly negative fluxes (−0.00119 ± 0.00010 mol C m⁻²) with reduced precipitation (165.8 ± 82.4 mm), cooler SST (26.5 ± 0.2 °C), lower pCO₂w (461 ± 92.8 µatm) and higher pH (7.968 ± 0.048). La Niña amplified pCO₂w variability (316–839 µatm) via vertical Ekman pumping, horizontal transport (Zonal Ekman Transport, tides), and freshwater inputs, while a persistent thermocline (10–40.1 m) restricted deep CO₂-rich waters from reaching the surface. Biological uptake further modulated outgassing, as evidenced by chlorophyll-a and ΔDIC dynamics. Overall, CO₂ fluxes were relatively low compared with other tropical estuarine and oceanic sources. These results underscore the need for sustained in situ observations in estuarine–ocean systems to refine predictive models of CO₂ fluxes under ENSO conditions.
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1 Introduction


Oceanic carbon fluxes have become a central focus in marine biogeochemistry and are increasingly studied for their potential in carbon sequestration (Lal, 2024; Gerrard, 2023; Santos et al., 2022). The oceans absorb around 31% of CO2 emissions from fossil fuels (Friedlingstein et al., 2023; Parv et al., 2023). However, not all parts of the ocean have the same absorption capacity, with the poles acting as sinks and tropical areas considered sources of CO2 to the atmosphere (Legge et al., 2015; Yilmaz et al., 2022; Swesi et al., 2023). The largest carbon sinks are found in the Arctic and polar waters, with fluxes between -3.8 mol C m-2 yr-1 and -4.4 mol C m-2 yr-1-1 (Olafsson et al., 2021), due to carbon “drawdown” from high primary productivity, deep convective mixing, water heat loss and strong seasonal winds (Olafsson et al., 2021). On the other hand, coastal zones, which only contain 7-8% of the ocean’s surface area, are nutrient-rich and account for 25% of global primary production (Smith and Hollibaugh, 1993), which allows them to be more effective than the open ocean in retaining the atmospheric CO2 (Andersson, 2005). However, some coastal tropical areas are sources (Kryzhova and Semkin, 2023) and others are sinks (Roobaert et al., 2021; Watanabe et al., 2024), depending on many factors, which are seldom explored (Chen and Borges, 2009; Borges and Abril, 2011; Cai et al., 2011; Kahl, 2018; Rosentreter et al., 2023; Roobaert et al., 2025). Similarly, in tropical areas, CO2 flux can vary between source or sink depending on atmospheric and oceanographic conditions in space, which also change during different seasons of the year, with the net flux further influenced by complex biogeochemical processes (Monteiro et al., 2022; Swesi et al., 2023).


Among the global drivers of carbon flux, biological processes predominantly influence equatorial and subpolar zones, while sea surface temperature (SST) and salinity (SSS) play a fundamental role in subtropical areas (Roobaert et al., 2021). Additionally, the direction and magnitude of flux in each location depend on atmospheric processes such as wind stress and ENSO events (Ford et al., 2022). La Niña event in particular has a significant effect on the direction and magnitude of CO2 flux, as it increases coastal upwelling and Ekman pumping (Amos and Castelao, 2022), enabling outgassing events (facilitating carbon flux to the atmosphere) of around 1 billion tons of carbon (CO2) per year, where deep waters rich in dissolved inorganic carbon (DIC) rise to the surface. This contrasts with the inherent capacity of coastal upwelling regions to act as significant carbon sinks through the biological pump they promote (Lanson et al., 2009). Moreover, rainfall during La Niña events tends to be more intense (Chung and Power, 2014), shifting coastal systems from upwelling to post-upwelling (river-dominated ocean margin; Dai et al., 2022).


Thus, the ENSO-driven oscillations between cold (La Niña) and warm periods (El Niño) in the Tropical Pacific involve massive redistributions of heat content in the surface ocean (Amos and Castelao, 2022), thereby altering the net carbon flux. Despite this, few studies focus on what happens in the Eastern Tropical Pacific and specifically in the Panama Bight (e.g., Kao and Yu, 2009; Corredor-Acosta et al., 2020; Torres et al., 2023). Recent findings in the Colombian Caribbean indicated that ENSO events are the most important influence over marine biogeochemistry as increased upwelling anomalies bring up water’s rich in DIC (Ricaurte-Villota et al., 2025). Therefore, the question arises as to whether the same patterns and drivers apply in the Colombian Pacific as those observed for the Caribbean area.


Latitudinal trends reveal distinct patterns in whether coastal zones act as sources or sink of CO2. In low latitudes, coastal zones are expected to release CO2 due to physical processes such as high sea temperature (average SST above 26 °C) and relatively low salinity (25.7–32 units), which cause higher partial pressures of CO2 in water (pCO2w) compared to the atmosphere (Borges et al., 2005; Cai, 2011). However, whether low latitudes emit CO2 depends on the drivers in each coastal zone (Dai et al., 2013), and this is why the fine balance between the promoters of pCO2w and those that help to reduce it must be studied locally. For example, in upwelling zones (high DIC and pCO2w), phytoplankton blooms can capture large amounts of CO2, reducing DIC excesses and resulting in exceptionally low pCO2w values, thereby altering the direction of net carbon flux to negative values (Li et al., 2022). According to Strutton et al. (2008), the equatorial Pacific would be a much larger carbon emitter if not for photosynthetic processes, which convert a billion tons of DIC/CO2 into living organisms.


One of the main issues in the Pacific Ocean regarding the net CO2 flux is the discrepancy between models and in situ air-sea CO2 observations (Polavarapu et al., 2018; Rastogi et al., 2021). This is due to the limited amount of data, particularly in the coastal zones of the Pacific, and specifically in the Panama Bight, which includes the Pacific coast of Colombia and Panama (Herrera Carmona et al., 2022). The uncertainty in predictions stems from the fact that there are many complex atmospheric and oceanographic variables—physical (e.g., wind; Takahashi et al., 2002; Kim et al., 2019), chemical (i.e., Total Alkalinity-TA and Dissolved Inorganic Carbon- DIC), and biological (biological uptake, remineralization; Takahashi et al., 1997) that cause significant spatial and temporal variations in pCO2w at different scales (DeGrandpre et al., 1998), and consequently, in the magnitude and direction of the net flux. Moreover, the lack of technical, technological, infrastructural, and financial resources in Latin American countries makes it challenging to quantify pCO2w values and the magnitude of the flux, particularly in the coastal zone, where multiple drivers converge in time and space (Roobaert et al., 2024).


According to Dai et al. (2022), calculating pCO2w and CO2 flux in tropical coastal margins dominated by rivers and deltas is particularly complex. The dissolved inorganic carbon (DIC), dissolved organic carbon (DOC; 49.5% of DOC export is by rivers concentrated in the tropics, 23.5°S to 23.5°N; Fabre et al., 2020), particulate organic matter (POM), dissolve organic matter (DOM), and nutrients (NO3 and PO4; Li et al., 2020) are mainly contributed by rivers. These contributions promote phytoplankton growth (a CO2 sink) and the consequent remineralization of dead particulate organic matter (a CO2 source), where the resultant flux is the product of all these interactions. In a system with predominant river inputs, the fresher waters of the river plume gradually mix with oceanic waters both horizontally and vertically (Gan et al., 2009), creating an estuarine ecosystem, like the one found in the Colombian Pacific around Gorgona Island. In consequence, Dai et al. (2022) suggest that the air-sea CO2 flux is determined by the sum of DIC inputs and outputs at the coast-ocean boundary over time, net ecological productivity (gross primary production – ecosystem respiration), and net ecological calcification (Andersson and Gledhill, 2013; Courtney and Andersson, 2019). However, systems dominated by river inputs can transition to predominantly oceanic inputs depending on the water volume it receives from the open sea, for example, during coastal upwelling events (Ekman Pumping - WEK) and horizontal transport (Zonal Ekman Transport – ZET) when cold, CO2- and DIC-rich subsurface ocean water emerges (Hu et al., 2015; Weber et al., 2021), or through surface water movement by ocean currents toward the coast and tides. Changes from a river to oceanic coastal regimes and vice versa alter the direction and intensity of the CO2 flux and should be explored further according to Dai et al. (2022). This is the reason why this study focuses on the Gorgona’s continental island, located 55 km from the continent but strongly influenced by many rivers, upwelling events and sustained primary productivity (Corredor-Acosta et al., 2020).


The Gorgona Island (2° 55’ 45” – 3° 00’ 55” N; 78° 09’ – 78° 14’ 30” W; 
Figure 1
) is located on the continental margin of the Colombian Pacific Basin (CPB) in the Panama Bight region, and is part of the largest Marine Natural National Park in the Colombian Pacific (Guzmán et al., 2023; UAESPNN, 2005). The island is characterized by a wide and shallow continental shelf to the east (less than 100 m deep; 
Figure 1
) and a deep slope a few kilometers to the west, with canyons and submarine mountains according to Murcia and Giraldo (2007; 
Figure 1B
).


[image: Map series illustrating geographic and topographic features. Panel A shows the Tropical Eastern Pacific with Colombia highlighted. Panel B details the Colombian Pacific coastline from Sanquianga to Iscuandé, with depth contours in meters. Panel C includes a topographical map of a coastal ocean region with depth contours and a legend with colored labels for specific points.]
Figure 1 | 
The study area is the Colombian Pacific Ocean (Tropical Eastern Pacific). (A) Location of the Colombian Pacific, as part of the Panama Bight. (B) The polygon representing the protected area of the Gorgona National Natural Park is shown, along with its proximity to the coastline and the main continental watersheds that discharge their waters into the area (marked in blue): Patía River, Sanquianga River, Tapaje River, Iscuandé River, Guapi River, and Timbiquí River. (C) The colored points show the seven stations where discrete water samples were collected from November 2021 to July 2022 along the coast-ocean gradient; Guapi River in red (RG), South Guapi in blue (GS), North Guapi in yellow (GN), South Reef in pink (AS), North Reef in green (AN), South Ocean in orange (OS), and North Ocean in black (ON). The underwater topography lines are represented in meters.




Precipitation on Gorgona Island follows a bi-seasonal pattern (periods of less and more rain), with an annual total rainfall up to ~6000 mm (Blanco, 2012). At seasonal scale, we performed a multi-year analysis of precipitation on the Gorgona Island (2006-2021, data source IDEAM) which indicated low relative rainfall from January to April (
Figure 2
), when the northern trade winds dominate and the wind field of the Chocó Jet is weak. In contrast, the period with higher precipitation conditions were found from May to December (not shown), when the southern trade winds dominate and the Chocó Jet winds are stronger (September to October). 
Figure 2
 shows extreme precipitation during the 2021–2022 sampling year, with monthly rainfall exceeding 700 mm for several months. Only four months recorded precipitation below the multiannual average (
Figure 2B
). The precipitation regime on Gorgona Island is primarily governed by the latitudinal migration of the Intertropical Convergence Zone (ITCZ), which provides the context for understanding the atypical precipitation observed. According to Schneider et al. (2014), this pattern dictates that the relative driest period occurs in January and February, when the ITCZ is at its southernmost position (2°N) near the study area (2° 55’ – 3° 00’). Then, from March to May, it moves to the north, occupying a latitudinal range between 2 and 7°N. Conversely, the wettest period is expected between June and July as the ITCZ moves north (reaching 8 to 10°N). Finally, between September and December, the ITCZ returns to its southernmost position.


[image: Four bar charts showing precipitation and stream flow data from November to July. Charts A and B illustrate multiannual and monthly precipitation levels. Charts C and D display multiannual and monthly stream flow rates. Blue bars represent certain months, indicating lower values compared to orange bars. Error bars indicate variability.]
Figure 2 | 
Time scale comparison of precipitation and streamflow (Río Guapi) in the study area. (A) Multiannual total precipitation as monthly averages (2006-2021). The black horizontal line marks the historic (2006-2021) annual mean total precipitation (605 mm) for the “Isla Gorgona station”. Standard deviation is illustrated on each month’s data. (B) Average monthly total precipitation for the sampled year (November 2021 to July 2022). Black horizontal line marks the historic annual mean (2006-2021). Standard deviation is illustrated on each month’s data. (C) Multiannual total streamflow as monthly averages (2006-2021) from the “57025020 Isla Gorgona” IDEAM station. Black horizontal line marks the historic (2006-2021) annual mean discharge (103 m-³ s-1). (D) Average total monthly streamflow for the sampling year (November 2021 to July 2022) at the “53047010 Río Guapi” station of IDEAM. Black horizontal line marks the historic (2006-2021) annual mean discharge (103 m-³ s-1). Months below the multiannual records are shown in blue, and above in orange.




In the study area, the northeastern trade winds dominate between December and March, generating the Panama Jet, which causes a strong upwelling extending from north to south in the Panama Bight (Rodríguez-Rubio et al., 2003; Corredor-Acosta et al., 2020; Crawford et al., 2023). Similarly, in the second half of the year, the Chocó Jet occurs (Rodríguez-Rubio et al., 2003; Crawford et al., 2023), which travels from west to east until it collides with the continent. The Chocó Jet is strongest in November and weakest between February and March, so the heavy rainfall from November to December on Gorgona Island is attributed to this climatic phenomenon (Crawford et al., 2023). The intense rain creates a layer of brackish water on the surface, up to 2 meters thick (Gassen et al., 2024), which reduces salinity on the Colombian Pacific coast, and river runoff from the Guapi river and deltaic complex into the sea increases. The Guapi River characterized by a sea water temperature of 26.34 °C at 10 meters (Palacios Moreno and Pinto Tovar, 1992), had an average NBS pH of 7.3 between 2018 and 2021, and salinity (PSU) between 0 and 0.25 at 1-meter depth (INVEMAR, 2019, 2020, 2022).


The island is influenced to the east by several rivers and deltas from the mainland, and on the oceanic side (west) by oceanic currents from the Northern Hemisphere, such as the California and Northern Equatorial currents, and from the Southern Hemisphere, by the Peru and Humboldt currents (Diaz, 2001; Willett et al., 2006; Fiedler and Lavín, 2017). The hydrodynamic pattern around the island is dominated by ocean currents and numerous mesoscale eddies, both cyclonic and anticyclonic occurring throughout the year. The direction and intensity of those geostrophic field and mesoscale eddies around Gorgona are determined by wind stress, the Panama Jet, the Chocó Jet, and the position of the Intertropical Convergence Zone (Rodríguez-Rubio et al., 2003; Díaz Guevara et al., 2008; Corredor-Acosta et al., 2011; Lorenzoni et al., 2011). Specifically, the Panama cyclonic current (Amaya, 2024) is fed from the south by a branch of the Peru current, forming the so-called Colombia current (Stevenson, 1970; Corredor-Acosta et al., 2011), which flows from south to north along the Colombian coast. The surface water masses flows through the area of Gorgona National Natural Park in a northeastward direction, with a velocity ranging between 0.2 and 0.9 m s-1 (Diaz, 2001). During La Niña, the North Equatorial Countercurrent (warm water with high salinity) flowing from west to east (Torres et al., 2023) loses it prevalence around 3°N, while the Peru Current, flowing in a northeastward direction, brings cold water from the South Pacific to the Colombian coast. Therefore, the sampling carried out in this present study (2021-2022) corresponds to a period of relatively cold water (La Niña; ONI -1.0; McLean et al., 2024) contrasting with what happens during El Niño events. Also, at more local scale, the oceanographic circulation is affected by semidiurnal tides (two highs and two lows) oscillating between -40 cm and 5 m per day (Tide-Forecast.com, map of tide stations in Colombia 2021-2022).


According to Restrepo and Kjerfve (2004) and Blanco (2012), La Niña events significantly influences river discharge in the Colombian Pacific due to increased precipitation and, consequently, water flow especially during the sampled year (
Figure 2
). The Colombian Pacific watershed covers an area of 76,852 km² and consists of more than 200 rivers, which a total discharge of ~9,000 m³ s-1 and 96 million tons of sediment per year (Díaz, 2008). The Gorgona National Natural Park is in front of the Patía-Sanquianga delta complex, the largest in the country, which contributes approximately 23% of the total freshwater discharged into the Colombian Pacific (2,045 m³ s-1; Díaz, 2008). The delta complex is made up of the Patía-Sanquianga rivers, which discharge 1,300 m³ s-1, the Guapi River at 357 m³ s-1, the Iscuandé River at 213 m³ s-1, and the Tapaje River at 175 m³ s-1 (Restrepo and Kjerfvel, 2004; Díaz, 2008; 
Figure 1
). The Patía-Sanquianga delta, covering an area of 23,000 km², contributes freshwater, nutrients, and organic and inorganic material (both particulate and dissolved) from the western Andes mountains to the Pacific Ocean (Restrepo and Kjerfve, 2004; Giraldo et al., 2011). The Guapi River multi-year average monthly flow (station “53047010 IDEAM”) was 103 m³ s-1 from 2000 to 2021. However, during La Niña event (2021-2022), the stream flow exceeded the multi-year monthly average, with a maximum value in November 2021, exceeding the average by over 77% (182 m³ s-1), with a minimum in February 2022 being also 2% above the multi-year monthly mean (105 m³ s-1; 
Figure 2
). On average, the flow exceeded expectations, except for July 2022 when it was 14% below the multi-year average (89 m³ s-1).


In this context, this study aims to: (1) evaluate the net CO2 flux in the Panama Bight to address a gap in the current knowledge of the region, as no similar studies have been addressed it in the coastal zone of the Colombian Pacific; and (2) review the predictions made by the models proposed by Wong et al. (2022) and Dai et al. (2022), assessing their accuracy and applicability in the context of this study. To do so, we estimate the seasonal direction and intensity of the CO2 flux under the effects of La Niña conditions (2021-2022), characterized by intense precipitation and river discharge promoting an estuarine system. Lastly, we discuss the potential drivers explaining the dynamics of the pCO2w and CO2 flux variability.






2 Methods





2.1 Sampling design


Seven stations were sampled and used to estimate CO2 fluxes and carbonate system chemistry in Gorgona National Natural Park from the coast to the open ocean. The closest station to the coast was “Río Guapi - RG”, located approximately 25 km from Guapi-Nariño, Colombia, and the furthest was “North Ocean - ON”, approximately 60 km from the coastline. The stations were distributed along two parallel transects separated by five kilometers, with GPS-WGS84 coordinates. The southern transect was formed by “South Guapi - GS”, “South Reef - AS”, and “South Ocean - OS”, while the northern transect was formed by “North Guapi - GN”, “North Reef - AN”, and “North Ocean - ON” (
Figure 1
). Monitoring began in November 2021 and extended until July 2022 (nine months), with monthly sampling during the first week of each month. In addition, the “Río Guapi” station was added in January 2022 to characterize its influence.






2.2 Measurements


On site, salinity, temperature, pH millivolts (total protons), percent oxygen, and depth were measured using a Hanna multiparameter sounder (previously calibrated), a CTD-Castaway, and a YSI equipment (accurate to ±2% of reading or ±0.01 PSU, whichever is greater; ± 0.15 °C; ± 0.02 pH/± 0.5 mV; and ranging from 0.00 to 30.00 ppm (mg/L) with an accuracy of ±0.25% of full range.


Discrete water samples were collected at seven stations (GS, GN, AS, AN, OS, ON, and RG; 
Figure 1
) using a 5 L Niskin bottle at depths between 1.8 and 3 meters. The water collected on site was not murky, sampling sites were right after the river plume limit (35 km away from the continent). Seawater samples were stored in 250 mL borosilicate bottles and preserved with 50 µL of a saturated mercuric chloride (HgCl2) solution for later TA analysis in the laboratory, following recommended best practices (Best Practice Guide for Ocean CO2 Measurements, SOP 2, SOP-specified concentration range of 0.02-0.05%). Additionally, DIC samples were taken in 50 mL dark bottles (silicone seal), leaving no headspace; and wrapping the cap in parafilm paper. All samples were packed in a Styrofoam refrigerator and sent by plane to our new lab in Bogotá (Javeriana University) in less than four hours from the Pacific region. Then, the samples were kept without exposing them to light and maintaining temperature conditions below 15 °C in the laboratory. TA was measured within two weeks, as well as other parameters such as pH. Regarding DIC samples, those were kept in our lab for two months after the sampling was finished and then sent to the Autonomous University of Baja California in Mexico. They were processed in a maximum of one week after arrival in the UABC.


In the laboratory, total alkalinity (TA) measurements were performed on seawater samples following a standardized protocol (SOP 3b of the open-cell titration method; Dickson et al., 2007) using the GOA-ON titration kit. For titrant, Dickson Lab reference HCl solutions were used (Batch A17: 0.100362 ± 0.000009 mol kg-1; Batch A24: 0.099922 ± 0.000005 mol kg-1), buffered with 0.6 M NaCl to match seawater ionic strength. A 50 g sample (~50 g or mL, ± 0.0001 mL) was weighed into a jacketed titration cell (maintained at ~25 °C via a circulating water bath) and titrated. The analytical balance used (Ohaus Pioneer AX225D, ± 0.0001 g) yielded a reproducibility of ±0.001 g for 50 g samples, corresponding to a coefficient of variation<0.003%, well within the precision requirements for TA analysis (0.01 g). The titration involved two stages: first, the addition of a small amount of acid (0.2 mL) with a HandyStep® Touch S, first by adding to drop the pH to ~3.5 (~0.2100 mV) and waiting 5 minutes to allow for degassing, and second, titration resumed in 0.05 mL steps until a pH close to 3.0 was reached (~0.2300 mV), with pH and temperature measurements taken at each step. Data, including sample volume, titrant volumes (to pH 3.5 and 3.0), salinity, final temperature, and voltage per addition was compiled in an Excel spreadsheet program, which employed a non-linear least squares regression to calculate total alkalinity (Dickson et al., 2007). Approximately 50% of surface samples (n = 31) were analyzed in triplicate. Only triplicate sets with a maximal variation of ±5 µmol kg-1 TA were retained (± 9 μmol kg-1, Batch #182: 2230.91 ± 0.71 µmol kg-1; Batch # 202: 2215.13 ± 0.57 µmol kg-1; all data set available at NOAA; https://doi.org/10.25921/gfan-3e30).


Dissolved Inorganic Carbon (DIC) was measured at UABC (Mexico) using the UIC C-CM5014 instrument, following the coulometric methodology described by Johnson et al. (1987) and Dickson et al. (2007). Measurements were performed with high precision and accuracy, ensuring that the difference in DIC from the reference values ​​of the standards did not exceed 3 μmol kg-1 (error of 0.1%). The Dickson Certified Reference Material (CRM) was prepared at the Institute of Oceanography, University of California, San Diego (USA). The substandards and analyzed samples were carried out in parallel at the Oceanographic Research Institute of the Autonomous University of Baja California (Mexico). For a more comprehensive DIC measurement methodology, see 
Supplementary Table 1
.


Similarly, quality “flags” (scale 1 to 5) were reviewed and assigned to the TA and DIC data (equipment accuracy and potential errors in the field or laboratory). Outliers (n=6) were removed from the matrix; this was done by reviewing multiple graphical relationships between temperature, salinity, TA, and DIC.


The Liss and Merlivat (1986) equation allowed for the calculation of the flux magnitude for each of the nine months and seasons in Gorgona. The estimated CO2 flux in Gorgona was compared with the IPACOA, OOI, NOAA, and SOCAT databases.


The CO2 fluxes (FCO2 direction, magnitude, and variability) were calculated following the equation proposed by Liss and Merlivat (1986):
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Where, the constant k is the gas transfer coefficient of CO2 as a function of wind (U10) at 10 meters above sea level (Wanninkhof, 2014), expressed as:
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K′ is the solubility of CO2 and is a function of temperature and salinity (Weiss, 1974); Sc is the Schmidt number and depends on temperature; ΔpCO2 is the difference between the partial pressure of carbon dioxide (pCO2) in the surface seawater (pCO2w) and the pCO2 of the atmosphere (pCO2A). ΔpCO2 determines the direction of the flux, with positive FCO2 indicating CO2 moving from the sea to the atmosphere, and negative indicating movement from the atmosphere to the sea. The magnitude of the gas exchange is controlled not only by ΔpCO2 but also by the gas transfer rate between the two media, which in turn varies with wind speed.


The hourly wind speed from the seven sampling sites - U10 (m s-1) was extracted from: https://earth.nullschool.net/, taking the 24-hour wind average of the sampling day. For months with sampling of all stations on two consecutive days (adverse weather conditions in two months), 48-hour wind values were averaged. The wind average was also calculated and compared using only the exact sampling hours at each station and by averaging the wind over a month, finding no significant changes in the flow results compared to the daily/monthly wind average (which was finally used).


Since the atmosphere is a well-mixed fluid, the pCO2A values for the flow calculation
were extracted from NOAA/GML https://gml.noaa.gov/ccgg/trends/data.html (NOAA, 2021, 2022), which come from the Mauna Loa climate station, Hawaii, file “Mauna Loa CO2 monthly mean data.” The pCO2A data for the sampling months (Nov 2021 to Jul 2022) were extracted.


The pCO2w was calculated from TA, DIC, salinity, and temperature data resolving the carbonate system equation in seawater using the CO2SYS v3.0 software (Pierrot et al., 2021). In the carbonate system equation solution, the following constants were used: (i) Dissociation constants for K1 and K2 from Millero (2010) for waters ranging from 0 to 40, given that the study area the salinities variation are between 27.03 to 31.29, (ii) KHSO4 dissociation constant from Dickson (1990), (iii) KHF from Perez and Fraga (2003), (iv) Total pH scale (mol-kg SW), (v) [B]T value from Lee et al. (2010), and (vi) EOS-80 standard. The pCO2w was estimated with an error of ±1.79 concerning the determined fluxes (mmol C m² day-1). Out of 66 flux data points, six were flagged as possible outliers (flags three onward). The CO2SYS was also used with DIC and TA pairs to estimate the Revelle factor, omega aragonite (ΩAR), HCO3, and CO3. Lastly, the pH in total scale was derived through the CO2SYS using the same specific settings and found to be less variable than in situ measurements, displaying a smaller error. We performed a full uncertainty propagation analysis, which yielded the following average errors: pHT (± 0.022), pCO2W (± 30.17 µatm), total alkalinity (TA: ± 9 µmol kg-1), dissolved inorganic carbon (DIC: ± 3 µmol kg-1), salinity (± 0.20 PSU), and temperature (± 0.08 °C). These values fall within acceptable ranges for carbonate system studies and support the reliability of our calculated FCO2 values at Gorgona.


Daily images of Chl-a were downloaded from the Ocean Colour Climate Change Initiative (OC-CCI; version 3.1) for the studied period. The OC–CCI is a merged Level 3 product with a spatial resolution of 4 km, available at http://www.oceancolour.org/. The OC-CCI Chl-a dataset is retrieved by combining the observational data from the MERIS (MEdium spectral Resolution Imaging Spectrometer) sensor of the European Space Agency, the SeaWiFS (Sea-viewing Wide-Field-of-view Sensor) and MODIS-Aqua (Moderate-resolution Imaging Spectroradiometer-Aqua) sensors from the National Aeronautics and Space Administration (NASA-USA), and the VIIRS (Visible and Infrared Imaging Radiometer Suite) from the National Oceanic and Atmospheric Administration (NOAA-USA). The remote sensing reflectance data derived from the sensors were merged by band-shifting and bias-correcting the MERIS, MODIS, and VIIRS data to match the SeaWiFS data. Due to the complexity of the study region, version 3.1 of the OC-CCI product was selected as it improves the performance of the ocean color data in coastal Case-2 waters compared to earlier versions that primarily focus on open ocean waters. Finally, total monthly Chl-a values were obtaining by averaging the Chl-a of the seven sampling stations, resulting in a relative total Chl-a concentration for the entire sampling region.






2.3 Statistical analyses


The analysis began with a Shapiro-Wilk test, which indicated that the flux magnitude data does not follow a normal distribution (S-W, P = 0.01877, W = 0.95, n = 60), repeating this for pCO2w and ΔpCO2 components, respectively (S-W, p = 0.147 and 0.134, W = 0.97 and 0.96, n = 60 and 60), indicating that the variables associated with flux do not follow a normal distribution either. Hence, the Box-Cox methodology was applied to transform FCO2 data into a normal distribution. Furthermore, a Welch F test in the case of unequal variances was applied to all the variables of interest (FCO2, pCO2w, ΔpCO2, SST, SSS, TA, DIC, and Chl-a) which showed that these different data groups have equal variance (W-F, F = 2.512E-4, df = 200.3, p = 1.855E-304). Moreover, a t-test (parametric) was used to analyze differences between the two flux periods: Upwelling (January to March of 2022) and Post-upwelling (November to December of 2021 and April to July of 2022). We used a One-way ANOVA to compare different flux magnitudes across the nine months, and then an a posteriori t-test. Additionally, a Spearman linear correlation was run to explore relationships between pCO2w and SST, SSS, TA, DIC, and Chl-a.


Normalizations to observe the pCO2w sensitivity were conducted as follows: we used the maximum values for salinity and temperature (32.06 units and 28.1 °C, respectively) setting the maximum value for salinity first, as a constant, while leaving the TA, DIC, and temperature values corresponding to each data point to evaluate the effect of salinity over the pCO2w, repeating the same process but substituting the temperature for the recorded maximum, and leaving salinity as measured (CO2SYS). Then, we recalculated the pCO2w and plot the difference between the pCO2w with in situ salinity against the recalculated pCO2w that uses the maximum recorded salinity. 49 µatm higher, in average, was the pCO2w difference by using max salinity effect. Regarding a normalization with maximum temperature, the same procedure was followed where the maximum recorded temperature was constant, and the remaining variables used the corresponding values, revealing an average pCO2w difference of 31 µatm higher than with the observed temperatures (
Supplementary Figure 1
) in the CO2SYS (Lewis and Wallace, 1998). Thus, it is clear that salinity has a larger influence (relative percentage) than temperature regarding the pCO2w variability observed throughout the year. To complement these normalizations, we assessed the uncertainty associated with pCO2w by incorporating the potential error of ±30.17 μatm into our flux calculations, recalculating them and comparing them to the original estimates.


In addition, to define climatic-oceanographic periods, a Principal Component Analysis (PCA) was performed using the latest version of R Studio software. The PCA used the following variables: month, season, SST, SSS, pCO2w, pHT, DIC, Chl-a, to review if there are spatio-temporal FCO2 groups. Furthermore, to clearly separate both seasons we used several atmospheric/climatic variables, such as total monthly precipitation (mm), average sea surface temperature (SST), average pH (total), average surface water partial CO2 pressure (pCO2w), and average CO2 fluxes (mmol m-2 d-1).






2.4 Zonal Ekman Transport and Ekman pumping


The Zonal Ekman Transport (ZET) was obtained following the methodology of Bakun and Nelson (1991) by using weekly wind data obtained from the CCMP product (https://www.remss.com/measurements/ccmp/). For the calculation, we follow the equation:
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where ρω
 is the density of seawater, which is assumed constant at 1025 kg m−3; f is the Coriolis parameter and τ is the wind stress for the studied area.


The wind stress (τ) was computed from the weekly wind fields as follows:
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where Cd
 = 0.0015 is the drag coefficient, ρa
 = 1.2 kg m−3 is the mean air density, and V10 is the wind speed at 10 m above the sea surface. The wind stress curl was estimated using the zonal and meridional components of the weekly wind stress:






(

∇
×
τ

)


z

=


∂

τ
y



∂
x


−


∂

τ
x



∂
y







This procedure was performed for each grid point of the wind field by applying the centered finite difference algorithm, and the Ekman pumping velocity was estimated as follows:
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where τx
 is the zonal wind stress component, β = (2Ωcosφ/R) is the latitudinal variability of the Coriolis parameter (f = 2Ωsenφ), R = 6,371,000 m is the radius of the earth and ρw
 = 1025 kg m−3 is the mean water density. This methodology has been previously used on the Northeast Tropical Pacific (Kessler, 2006) and Panama Bight region (Devis-Morales et al., 2008; Corredor-Acosta et al., 2020).


Previous studies have indicated an interplay between the Ekman transport due to alongshore winds and Ekman pumping due to offshore wind stress curl playing an important role due to their relative contributions for upwelling/downwelling dynamics. For instance, in the northern Chilean upwelling system, the vertical transport induced by coastal divergence (ZET) represented the 60% of the annual total upwelling, however, the Ekman pumping also displayed an important contribution of 40%, indicating that the largest differences between these mechanisms occur at spatial scale. That is, coastal ZET predominated in areas with low orography and headlands, whereas WEK was higher in regions with high orography and the presence of embayments (Bravo et al., 2016). Similar findings were observed in three typical upwelling systems of the South China Sea, showing temporal and spatial differences, highlighting regions where WEK had the same intensity as ZET, even doubling the amount of upwelling predicted solely considering the coastal divergence (Wang et al., 2013). Those physical mechanisms and their coupling are important to be explored because the physical transfer of water properties and nutrients from the deep to the surface ocean is strongly related to the vertical supply, which also involves important effects on primary productivity, changes in the water column mixing/stratification and associated water masses, as well as, in the local chemical processes (e.g., Williams and Follows, 2003; Pasquero et al., 2005). According to this, we assess both mechanisms (ZET and WEK) in this study, in order to relate its contributions to the maintenance of biological production (in terms of Chl-a) and key changes of the carbonate system.






2.5 Mix model


To identify potential processes (physical mixing and biological) and explain the variability observed in carbonate system parameters (e.g., pCO2w, DIC, TA, and O2), we employed a three-endmember mixing model following established methodologies in oceanographic studies that developed the analysis of sea water from mixing triangles without assumption of isopycnic mixing (Tomczak, 1981; Paulmier et al., 2011; Kahl et al., 2018). This approach identifies water endmembers, in order to describe the thermohaline variability due to mixing, using conservative tracers (salinity and potential temperature) to construct a mixing triangle. The contribution of the water masses considered (Mk,i) to a given sample ‘i’ can be calculated by solving the followings determined system of three linear equations:
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Where k is the water mass endmembers (1,2 and 3) and ‘i’ is the sample number (from 1 to 60). Sk and θk are the thermohaline characteristics of the k-water mass endmember (Tomczak, 1981). Finally, it computes expected conservative values due to physical mixing processes (DICmix, TAmix, and O2mix) for the non-conservative variables measured in situ (DIC, TA, and O2). DICmix is defined as the fraction of dissolved inorganic carbon whose variability (R² from the regression DICmix vs. DIC) can predominantly be attributed to physical mixing. The complementary variability (1 – R²) is then attributed to biogeochemical processes, isolated through residual analysis (e.g., ΔDIC = observed DIC – DIC by mixing) and quadrant plots of ΔDIC vs. ΔO2, where quadrants indicate net production (positive ΔDIC, positive ΔO2), photosynthesis (negative ΔDIC, positive ΔO2) ammonification (negative ΔDIC, negative ΔO2) or respiration/remineralization (positive ΔDIC, negative ΔO2) (Paulmier et al., 2011; Kahl et al., 2018).


Initially, we constructed T-S diagrams from the full spatiotemporal dataset (13 months, 7 stations, 0–80 m depth) to define three endmembers representing distinct sources of variability and mixing in the area. The river endmember (1; river-influenced) exhibited low salinity (26.81), TA (1750 µmol kg-1), and DIC (1763 µmol kg-1), with high temperature (27.94 °C) and O2 (174 µmol kg-1). The transitional endmember (2) showed intermediate values: salinity (33.06), TA (2138 µmol kg-1), DIC (1867 µmol kg-1), temperature (27.28 °C), and O2 (123 µmol kg-1). Finally, the oceanic endmember (3; oceanic influenced) featured high salinity (35.38), TA (1999 µmol kg-1), and DIC (1989 µmol kg-1), with low temperature (14.26 °C) and O2 (40 µmol kg-1; Preciado et al., in Progress). All three water endmembers incorporate signals from multiple upstream sources, reflecting the complex dynamics of this estuarine system. For instance, the oceanic (3) endmember exhibited influence from at least four diverse origins, including Antarctic Intermediate Water signals (Kawabe and Fujio, 2010); the intermediate endmember (2) blends subsurface and riverine inputs; and the river endmember (1) primarily mixes freshwater with marine waters, potentially including remote eddy-transported surface waters and local coastal currents. We could not directly measure riverine carbonate parameters due to differences in instrumentation and chemistry, river itself even showed tidal intrusion of seawater from below during high tides, further complicating pure freshwater end-member isolation. Instead, riverine influence is inferred through its dilution effects on salinity and biogeochemistry, following a similar approach to Huang et al. (2022) and Sun et al. (2023).


Once the mixing fractions are applied to compute expected DICmix values under conservative mixing assumptions. Deviations from these expected values then highlighted non-conservative processes affecting DIC, which is a key objective of our biogeochemical analysis. DIC, TA, and O2 are used as complementary information for the characterization of the endmembers, enabling us to perform the mixing model analysis and determine the sources of variability (physical-mixing or biogeochemical processes) for the non-conservative variables DIC, TA, and O2. This approach aligns with standard practices in estuarine and oceanic studies, where salinity and TA are often normalized or used to account for dilution and mixing effects before assessing non-conservative variables like DIC (Cai & Wang, 1998; Oliveira et al., 2017; Courtney et al., 2021). For instance, while TA behaves conservatively in many open-ocean settings and correlates linearly with salinity (Millero et al., 1998; Jiang et al., 2014), the T-S framework was chosen due to its effectiveness in capturing thermohaline distinctions in Pacific Colombian dynamic estuarine system, influenced by high rainfall and runoff. In addition, to validate the implication of the biological removal in pCO
2w concentration, we used a complementary approach, such as ΔDIC together with cumulative monthly in situ Chl-a data to explain CO2 consumption. These results (biological/temperature implications) were also validated by an analysis to calculate if physical or biological factors are implicated in the pCO2w concentrations found around Gorgona island, following the methodology described by Takahashi et al. (2002), for more detail on the equations used see 
Supplementary Table 2
.







3 Results


The PCA (
Figure 3
) revealed two distinct seasonal clusters: an upwelling period (January–March) and a post-upwelling period (May–July, November–December) distributed across the space. Together, PC1 (45.5%) and PC2 (28.2%) explained 73.7% of the total variability. The biplane shows that post-upwelling months were characterized by warmer, CO2-enriched surface waters, whereas upwelling months reflected cooler, saltier, DIC-rich conditions and elevated pHT. Chlorophyll-a displayed an intermediate position, reflecting its role across both seasons. No spatial separation among sampling sites was detected, implying that despite local variability, temporal changes through upwelling and post-upwelling dynamics (e.g. rainfall and stratification) were the main driver of environmental variability around Gorgona Island.


[image: Biplot showing Principal Component Analysis (PCA) of environmental variables across different sites and months. PC1 explains 45.5% and PC2 explains 28.2% of the variance. Arrows represent vectors for variables: pH, SST, pCO2, SSS, DIC, and CHLA. Data points are labeled by months and colored by site, with regions labeled as 'Upwelling' and 'Post-Upwelling'.]
Figure 3 | 
PCA test for stations and months considering the physicochemical variables SST, SSS, pCO2, pH, DIC, and Chl-a. Note the grouping in the left quadrants for the months of February and March (upwelling, blue rectangle), from the upper right quadrant, May, June, and July (rainier season; post-upwelling, orange rectangle), highlighting the two contrasting seasons. The x axes explain the main variability 45.5% and the second axis y 28.1%. The colors represent the different sites and their corresponding sampling months.




The two seasonal periods were verified through the atmospheric/climatic variables showing significant differences between upwelling and post-upwelling. That is, total monthly precipitation (M-W, Z = 2.203, p = 0.027, n Post-upwelling = 6 months, n Upwelling = 3), average sea surface temperature (SST; M-W, Z = 2.2132, p = 0.0268, n Post-upwelling = 6, n Upwelling = 3), average pH (total; M-W, Z = 2.2039, p = 0.027532, n Post-upwelling = 6, n Upwelling = 3), average surface water partial CO2 pressure (pCO2w; M-W, Z = 2.1947, p = 0.028186, n Post-upwelling = 6, n Upwelling = 3) and average CO2 fluxes (mmol m-2 d-1; M-W, Z = 2.0045, p = 0.071429, n Post-upwelling = 6, n Upwelling = 3). Specifically, during post-upwelling we found significantly higher: (I) Monthly average precipitation (746 ± 214 vs 165 ± 82 mm) due to the increased influence of the ITCZ and a moderate La Niña year; (II) Average sea surface temperature (27.5 ± 0.4 °C vs. 26.5 ± 0.2 °C); and (III) Average pCO2w and CO2 Fluxes (567 ± 64 μatm vs. 450 ± 55 μatm, and 0.2 ± 0.09 mmol CO2 m-2 d-1 vs. 0.1 ± 0.06 mmol CO2 m-2 d-1, respectively). Contrasting, in upwelling, we found a higher significant total pH mean (7.8697 vs 7.9686, respectively).





3.1 Air–sea CO2 exchange


During the moderate 2021–2022 La Niña event, surface waters around Gorgona displayed a near-neutral net CO2 flux (0.0105 ± 0.0001 mol C m-2) over the nine sampled months, with a bimodal pattern driven by upwelling and post-upwelling wet season (
Figure 4
). Throughout the upwelling season, cooler, saltier waters reached the surface (shallow thermocline), coinciding with the observed low pCO2w values (below atmospheric levels, mean pCO2A = 461 ± 92.8 μatm and negative ΔpCO2, see 
Figures 4A–E
), resulting in near-zero to weakly negative FCO2 (February–March, 
Figure 4F
). This is additionally in line with elevated DIC and TA (
Figures 4G, H
). In contrast, during the post-upwelling period, the fluxes were slightly positive (0.0093 ± 0.0001 mol C m-2) with an average pCO2w of 567 ± 97.5 μatm (
Figure 4D
). Similarly, monthly fluxes also differed significantly between periods (Welch test, F = 2.5 × 10-4, p< 1 × 10-300; n = 9), peaking in June (2.5 mmol C m-2 month-1) and reaching a minimum in March (–0.1 mmol C m-2 month-1). Therefore, markedly higher fluxes were observed during the post-upwelling compared to the upwelling season when including the seven stations sampled per month (t = 4.91, critical t = 2.00, p = 7.8 × 10-6; n = 21 vs. 39; 
Figure 4F
).


[image: Twelve line graphs (A-L) show monthly averages of oceanographic measures from November to July, including sea surface temperature, salinity, and pH. Two additional graphs (M-N) illustrate chlorophyll-a and RF values over the same period. Panel O presents a box plot comparing FCO₂ during upwelling and post-upwelling periods. Error bars indicate variability, and shaded blue areas highlight specific months for possible seasonality impact.]
Figure 4 | 
Monthly cycle of: (A) Average sea surface temperature (SST). (B) Average sea surface salinity (SSS). (C) Average thermocline depth (meters). (D) Average pCO2W with average pCO2A mark (418 µatm) indicated with a black horizontal line. (E) Average ΔpCO2 with zero delta mark indicated with a black horizontal line. (F) Average FCO2 with zero magnitude mark indicated with a black horizontal line. (G) Average Dissolved Inorganic Carbon (DIC). (H) Average Total Alkalinity (TA). (I) Average pH in total scale. (J) Average bicarbonate (HCO3). (K) Average carbonate (CO32-). (L) Average Saturation state of aragonite (ΩAR). (M) Accumulated Chlorophyll concentration (Chl-a). (N) Average Revelle Factor. (O) Boxplot comparing FCO2 values between upwelling (January, February, March) and post-upwelling (November, December, April, May, June, July) evidencing statistical differences (T test, T = 4,908, Tc = 2.001, p = 7.80E-6, N = 21 vs 39, respectively). Monthly measurements around Gorgona near the surface (≤ 3 m), standard error is illustrated as a black vertical line on each data point. Note that Ω AR data starts above 1.2, indicating possible but suboptimal calcification throughout the sampled period.




Comparably, the average pCO2w trend (
Figure 4D
) during the upwelling season evidences surface pCO2w hovering moderately above atmospheric values in January (near 513 µatm 
Figure 4D
; atmospheric reference value ~418 µatm, horizontal black line), but dips towards/just below atmospheric level by March (minimum average 397 µatm). Correspondingly, a post-upwelling spike in pCO2w increases values up to ~700 µatm in May, around 1.7 times higher than atmospheric values, which drives a large positive ΔpCO2 and outgassing (
Figure 4E
). Thereafter, pCO2w slightly decreases until July, but remains well above atmospheric values (~580 – 590 µatm).


The ΔpCO2 values in eight of the nine months were above the atmospheric pCO2A - (between 50 and 260 micro atmospheres). However, during the upwelling season, there is a reduction in pCO2w, causing it to be less saturated than the pCO2 of the surrounding atmosphere. Thus, March evidenced less pCO2 in the water than in the air (negative ΔpCO2, 
Figure 4E
) which is reflected with near-zero/negative FCO2 (
Figure 4F
). Transition to the post-upwelling (higher rain and streamflow season; April-July) was also evident through the progressive increment in CO2 peaking during May (ΔpCO2 ≳ +250 µatm; more pCO2 in the ocean than in the surrounding air) and then stabilizing, as reflected in the average CO2 flux (
Figure 4F
).






3.2 Physical oceanographic conditions of sea surface temperature and salinity


The coolest temperatures were recorded during upwelling (~26–26.5 °C). Rapid warming of the surface water was observed in April (~28 °C) lasting until July (>27 °C). The shown warming is concurrent with the sharp rise in pCO2w (
Figures 4A, D
). Average salinity was< 31 during the nine months, meanwhile, the highest salinity was recorded during upwelling (31.2 in March). From April to July (post-upwelling months) a steady drop in salinity was measured, coinciding with the peak of precipitation/river discharge (
Figure 2
). Hence, markedly brackish water was observed (low-alkalinity via dilution), related to pCO2w increase (
Figures 4B, D, H
).






3.3 Key parameters of the carbonate system: total alkalinity, pHT, and dissolved inorganic carbon


The highest pHT was measured in March (8.01), chemically consistent with reduced pCO2w values and less riverine/precipitation influence (
Figure 4I
). Then, pHT began to decline during April and May (recorded a minimum of 7.81 in May) and stabilized after during June and July. Meanwhile, DIC start increasing between November and January (~1,700–1750 µmol kg-1) reaching its highest values in April (1,815 µmol kg-1) and May (~1800 µmol kg-1). After, there was a general decrease from May onward (~1,790–1,650 µmol kg-1 by July; 
Figure 4G
).


The dominant DIC species, bicarbonate (HCO3
-), remained relatively stable from November to February (~1,550–1,600 µmol/kg, 
Figure 4J
) then increased sharply from March–April (~1,720 µmol/kg) in line with the highest DIC/TA values. Thereafter, HCO3
- decreased gradually during the post-upwelling season (May–July) mirroring the reduction in DIC/TA.


Carbonate ion (CO3
2-) values showed a clearer seasonal signal. They peaked during the upwelling months (January–March: ~170 and 180 µmol/kg, 
Figure 4K
) in agreement with higher pHT and ΩAR (
Figures 4I, L
). Afterwards, CO3
2- concentrations decreased during the post-upwelling period, sharply decreasing in April to ~150 µmol/kg, then rebounding slightly during May to ~170 µmol/kg, and finally steadily decreasing to its minimum values from June to July (114–118 µmol/kg) coinciding with lower pHT, elevated Revelle Factor, and reduced ΩAR.






3.4 Biological proxy signals


Monthly accumulated Chl-a (sum of seven stations) was relatively high during the sampling period (~16–19 mg m-³, 
Figure 4M
), with average Chl-a of 1.09 – 2.77 mg m-³ per sampled site (see 
Supplementary Figure 2
). A marked increase from February to March was observed (16 – 19.4 mg m-³). Afterwards, Chl-a values remain high during May (17.2 mg m-³) until July with ~18 mg m-³ (
Figure 4
).






3.5 Key chemistry parameters of oceanic chemistry: Revelle Factor and omega aragonite


The Revelle Factor (RF, 
Figure 4N
) and Ω-aragonite (ΩAR) displayed an inverse relationship. The lowest RF values (9.9) occurred in March, coinciding with weakened or even collapsed stratification (
Figure 4C
), when ΩAR reached its peak (2.8). In contrast, RF increased during the post-upwelling season, rising from April and reaching ≥12 by July, concurrent with the lowest ΩAR values (1.9), indicating suboptimal conditions for calcification. As expected, ΩAR was inversely proportional to pHT (
Figures 4I, L
), while RF varied inversely with SST.






3.6 Seasonal drivers of the carbonate system variability


Seasonal variability in dissolved inorganic carbon (DIC), its mixing component (DICmix), and related drivers highlighted the coupled influence of physical circulation and biological activity (
Figure 5
). During the upwelling season, lower ΔDIC values coincided with reduced pCO2w and CO2 fluxes, whereas in the post-upwelling season both DIC and pCO2w increased together with intensified Ekman transport and pumping (
Figures 5B–D
). Regional chlorophyll-a distributions also followed these seasonal shifts, with peaks during February–March and again in May–July (
Figure 5C
).


[image: Four graphs labeled A to D show data over time. Graph A presents dissolved inorganic carbon (DIC) and chlorophyll-a levels from November 2021 to July 2022. Graph B shows wind speed and partial pressure of carbon dioxide (pCO2w) over the same period. Graphs C and D display chlorophyll-a concentrations with weekly Ekman pumping (WEK) in C and vertical eddy transport (ZET) in D from September 2021 to October 2022. The sampling period is marked on all graphs.]
Figure 5 | 
Temporal variability of DIC, DICmix, DeltaDIC and accumulated in situ Chl-a values in (A). Monthly average values of wind and pCO2w of the in situ sampling stations in (B). For comparison and higher resolution analysis, weekly data of regional satellite Chl-a data from the OC-CCI product (https://www.oceancolour.org/) was coupled with weekly Ekman pumping (WEK in C) and Zonal Ekman Transport values (ZET in D). Weekly wind fields for the above calculations were obtained from the CCMP Wind Vector Analysis Product (https://www.remss.com/measurements/ccmp/). Note that the left-panels consider the in situ sampling period between Nov/2021 to Jul/2022, while the right-panels consider a full year of variability including months before, during (black rectangular box), and after the sampling period (Sept/2021 to Sept/2022). Transparent blue rectangle indicates the upwelling period from January to March 2022.




Complementary evidence from a temperature–salinity (T–S) diagram (
Figure 6A
) underscored the role of mixing in shaping carbonate chemistry. Mixing calculations indicated that up to ~79% of the observed DIC could be explained by conservative mixing of three endmembers, while the residual ~19% reflected non-conservative processes (
Figure 6B
). The correlation between ΔDIC and ΔO2 (
Figure 6C
) suggested that aerobic remineralization and nitrification were the dominant biological drivers of this residual variability. Physical processes dominated DIC variability, as indicated by the strong correlation between DICmix and DIC (R² = 0.79, 
Figure 6B
). In contrast, respiration explained a smaller but measurable fraction of the variance (ΔDIC–ΔO2, R² = 0.19; 
Figure 6C
). Together, these results highlight that both physical and biological controls on DIC ultimately influenced its relationship with pCO2w, consistent with the significant negative correlation observed between the two variables (Q = –0.71, p< 0.001, n = 60; 
Figures 4D, G
).


[image: Panel A presents a graph showing the relationship between potential temperature and salinity, with colored data points indicating DIC levels. Panel B displays a scatter plot of DICMix versus DIC, highlighting a strong positive correlation. Panel C features a scatter plot of Delta DIC versus Delta O2, indicating a negative correlation across different quadrants. Each chart contains fitted trend lines and statistical equations.  ]
Figure 6 | 
Temperature-salinity (T-S) diagram (A). Data points color-coded by dissolved inorganic carbon (DIC) concentration (μmol kg-1). The points represent observed oceanographic sampled depths throughout the year. The numbered labels (1-3) denote the end members of distinct water masses, with their respective salinity (S), potential temperature (T), and DIC values. The solid red lines connecting these end members outline the considered mixing triangles. Positive regression between DICmix and DIC (B). Physical process explains 78.8% of the DIC measured (DICmix). The remaining percentage is explained by biogeochemical processes (19%). ΔDIC (biological processes) and ΔO2 (µmol/kg) relationship (C; explaining 19%), where sampling points were mainly distributed within quadrants I and III (as shown in Kahl, 2018), suggesting aerobic remineralization and nitrification, respectively.









4 Discussion





4.1 DIC dynamics


The physical mixing of the water mass contributes significantly to explaining the DIC values ​​in the system (
Figure 6A
) as validated by the relationship between DICmix and DIC (
Figure 6B
; ~78% of variability) and the seasonal variability of WEK and ZET (
Figures 5C, D
). Therefore, DIC increased from November to May (
Figure 5A
) and then decreased from June to July. During La Niña 2021-2022, estuarine dynamics were strongly modulated by horizontal and vertical exchanges between marine and freshwater sources. High-frequency tides (up to 4 per day, with amplitudes of 5 m; Cauca tide table 2021–2022) mixed riverine and oceanic waters, while mesoscale eddies and Ekman-Zonal transport introduced deep offshore waters into the system (Corredor-Acosta et al., 2020; 
Figures 5C, D
). Wind speed and direction generate local coastal currents, with north-south surface flow above the thermocline and south-north flow in subsurface waters (in situ observations); and upwelling and subsidence cycles (downwelling; 
Figures 5C, D
) producing three water masses with different densities along the vertical profile (up to 80 m; see 
Figure 6A
). Peaks in DIC between January and March coincided with intensified WEK and ZET which enhanced vertical injection of CO2 and TA rich subsurface waters, when freshwater dilution and stratification was weaker (lower relative rain and precipitation; 
Figures 2B, D
). Even so, elevation of DIC values could also be due to a gradual increase of bicarbonate and carbonate in the system (
Figures 4J, K
), when acidic sub-superficial waters (ΩAR values sometimes below 1.5, Preciado A., unpublished data) could dissolve the reef structure, bringing the increased DIC signal to the surface. From April to July, the relative decrease in DIC reflected dilution by enhanced river discharge and weaker zonal inputs. The residual variability (~19%) was linked to respiration and remineralization, as evidenced by the correlation between ΔDIC and ΔO2 where DIC increased but O2 decreased (
Figure 6C
; O2 levels reached 60 µmol/kg) and pCO2w values were elevated. However, this respiration hypothesis requires further studies in the study site, to understand its contribution in DIC variability.






4.2 Seasonal FCO2 variability


The seasonal variability of FCO2 in Gorgona during the study period resulted from the system shifting from post-upwelling, dominated by southerly trade winds, higher precipitation and river dominated system to upwelling, dominated by northern winds, less precipitation, and lower river discharge, and then back to post-upwelling season. During post-upwelling, a slight positive increase in FCO2 is related to the extensive plume of water from coastal rivers (
Figure 2
) originating from a 44% increase in river flow during the study period (e.g., the Guapi River with 103 m³ s-1; 
Figure 2D
), this plume extended for more than 60 km from the coast (as observed by floating logs on the field), forming a large estuary with an average salinity of 29.51 units (SD ± 1.56). Thus, following the definitions of Dai et al. (2013) and McKee et al. (2004), our study area can be classified as a system dominated by riverine inputs. During the post-upwelling season, pCO2W values ​​were relatively high (
Figure 4D
), ranging from 378 to 839 μatm (average 567 μatm), peaking in May, in line with high SST (
Figure 4A
), and ΔpCO2 ranging from 47 μatm to 418 μatm. Our results agree with Ricaurte-Villota et al. (2025), where rivers via remineralization could explain the high pCO2w values ​during moderate La Niña years (see 
Figure 6C
). But also, the increased freshwater discharge could also diminish CO2 fluxes, simultaneously, under La Niña (Reimer et al., 2013; Ricaurte-Villota et al., 2025), via nutrient excess and phytoplankton bloom. During upwelling season, the average water temperature decreased to 26.53 °C, but the average salinity remained below 30, confirming the rivers influence on surface waters. Likewise, the pCO2W was relatively lower, ranging from 316 to 626 μatm (average 461 ± 92 μatm), with minimum values ​​in March, coinciding with the lowest surface temperature (26.11 °C) and highest salinity (28.39). During this period, FCO2 reached negative or near neutral values (between 0.3 and -0.1 mmol m-2 d-1), with similarly low ΔpCO2 values, ranging from –101 μatm to 93 μatm. Despite theory indicating that upwelling during a moderate La Niña should increase the CO2 flux to the atmosphere (Kim et al., 2017), this was not observed in our study site. Similar dynamics i.e., low or negative net fluxes despite upwelling have been reported in tropical estuarine systems where upwelled DIC is rapidly consumed by phytoplankton blooms which counterbalance the physical delivery of dissolved carbon (e.g., Vargas et al., 2007; Bouillon, 2011; Giraldo et al., 2011). Monthly patterns and flux directions were preserved when calculated using the propagated pCO2w error, including the neutral/slight sink observed in March, with only December and June showing greater variability. Net flux differences over the nine-month period remained negligible (original net flux = 0.0105 mol C m-2, positive error net flux = 0.0133 mol C m-2, negative error net flux = 0.0077 mol C m-2) indicating a net total difference of ±0.0028 mol C m-2, confirming the robustness of our results.






4.3 Temporal pCO2W variability and key associated variables: salinity, temperature, dissolved inorganic carbon and ΔO2



The temporal variability of pCO2W was shaped by the combined effects of salinity, temperature, DIC, and ΔO2 variables were correlated with pCO2W values. Salinity showed the strongest and most significant correlation with pCO2w (Q = –0.96; p = 1.77E–36, n = 60) reflecting the strong influence of river discharge and freshwater dilution, particularly during post-upwelling months, which differs from many oceanic regions where temperature is typically the main driver of FCO2 variability (Séférian et al., 2013). Ekman-driven processes contributed to FCO2 variability by vertical mixing processes (upwelling, downwelling; 
Figure 5C
) that reduce salinity up to 40-60m, modifying the depth of the mixed layer over time. Sea surface temperatures recorded at the study site were relatively high (26.1–28.1 °C), as foreseen at equatorial latitudes, due to maximum solar insolation (Saraswat, 2011). On the other hand, sea surface temperature also correlated positively with pCO2w (Spearman Q = 0.42313, p = 0.0007, n = 61; 
Figure 4A
), in line with previous findings by Zhai et al. (2005), who reported higher pCO2w values ​​during warmer seasons. During the post-upwelling, the increase in SST from April to June aligned with increases in pCO2W, ΔpCO2, and FCO2. As a result, the observed trend is consistent with the thermodynamic relationships between temperature and CO2 solubility (Johnson et al., 2010), even though sea surface temperature alone did not fully explain the FCO2 variability. Furthermore, we assessed the relative influence of salinity and temperature to pCO2W by performing a sensitivity test which fixed one of the variables (salinity or temperature) while allowing the other to vary in the CO2SYS, recalculating pCO2w. This approach allowed us to isolate the individual effect of each parameter (see 
Supplementary Figure 1
). Results showed that salinity explained a larger proportion of the variance – particularly in June and July when riverine CO2 inputs were strongest, supporting the findings of Ricaurte-Villota et al. (2025) who also observed that river influence on salinity in the Colombian Caribbean exerts a greater control on pCO2w than temperature. The lower salinity observed in June (post-upwelling) was associated with higher pCO2w values, consistent with dilution by freshwater input and potential organic and inorganic matter increase from riverine mangrove sources (Palacios Peñaranda et al., 2019). The observed negative relationship between DIC and pCO2W reflects the seasonal interplay of physical and biological processes at Gorgona. During upwelling, physical mixing and water mass advection introduced CO2-rich subsurface waters, but biological drawdown suppressed pCO2w provided by the sea and rivers. On the contrary, during the post-upwelling phase, the DIC increases and then decreases, due to the antagonistic relationship between the mixture (ZET, WEK; 
Figure 5
) that, like respiration processes (oxygen reduction; 
Figure 6
), provide pCO2w (and DIC), and the photosynthetic activity, which consumes it or the excess of fresh water that dilutes the DIC (
Figure 4
).


Overall, the patterns in 
Figure 6
 suggest that physical mixing and dilution were the primary controls of DIC variability, consistent with estuarine systems where hydrodynamic forcing often dominates carbon system fluctuations (Clark et al., 2022). Nevertheless, biological processes such as respiration and photosynthesis clearly modulated the signal, producing seasonal configurations of DIC–pCO2W values that reflect the co-occurrence of both physical and biogeochemical drivers. Similar interactions have been reported in estuarine environments by Ahad et al. (2008) and Quiñones-Rivera et al. (2022), where strong physical control is complemented by meaningful, localized biological contributions. As anticipated, pH’s relationship to pCO2w was inverse (Peng et al., 2013; Hans-Rolf and Fritz, 2023; Ramaekers et al., 2023), and direct with ΩAR (See 
Figure 4I
), which is similar to the relationship described by Feely et al. (2009), in our case also in agreement with the highest salinity values. In addition, high pHT values during March were coupled with consumption of CO2 by phytoplankton (lowered pCO2w), and higher buffer capacity in the system (high TA; 
Figure 4
), which is similar to cases reported by Cai et al. (2011) and Macdonald et al. (2009) in coastal and estuarine systems (low SSS), despite relatively high DIC values. This condition favors coral reef or marine organisms’ calcification, although the ΩAR remained below 3, suggesting thermodynamically possible, yet suboptimal conditions (Ries et al., 2009). On the other hand, pHT decreased during post-upwelling, to its minimum values (May; 7.81), as did TA (~1800 µmol kg-1, Refer to 
Figure 4H
), when the pCO2w was at its maximum, thereby lowering the ΩAR below 2.






4.4 Biological processes


The apparent suppression of CO2 fluxes under upwelling conditions contradicted expectations from classical upwelling theory (e.g., Kim et al., 2017), which generally predicts enhanced CO2 outgassing as deeper, carbon-rich waters reach the surface. Instead, rapid phytoplankton uptake offset the physical inputs (rivers, subsurface water, advection, atmosphere, and other sources). Evidence for this mechanism comes from strongly negative ΔDIC values in February and March (
Figure 6D
), indicating intense CO2 consumption, and from the inverse relationship between surface pCO2w and cumulative Chl-a concentrations (
Figures 4D, M
; 
Figure 5A
). This agrees with the findings of Corredor-Acosta et al. (2020) who reported peak productivity around Gorgona during March, based on multi-annual satellite observations. Both their long-term satellite information and our average and accumulated Chl-a data (
Figure 4M
) confirm that the coastal waters near Gorgona sustain relatively high phytoplankton biomass throughout the year, with average concentrations exceeding 2.45 mg m-3 in both seasons, and accumulated values surpassing 16 mg m-3 (
Figure 4M
; 
Supplementary Figure 2
).


According to Corredor-Acosta et al. (2020) the sustained Chl-a signal on the Colombian Pacific coast is modulated by rising waters along the Panama Bight during the upwelling season and river discharges (see also Rodríguez-Rubio et al., 2003; Devis-Morales et al., 2008; Giraldo et al., 2008; 2008; 2011). Therefore, the productivity observed in Gorgona is attributed to the constant input of nutrients (Giraldo et al., 2011), coming from both, subsurface waters and the nearby Patía–Sanquianga deltaic complex (~50 km), which contributes total suspended solids (23.2 mg L-1), nitrates (33.55 µg L-1), and phosphates (<2 µg L-1; Giraldo et al., 2011). These inputs, according to INVEMAR (2019–2022) result in high Chl-a concentrations near the coast (~0.9 mg m-3) compared to areas farther from the island (~0.3 mg m-3). Additionally, the coastal phytoplankton around Gorgona is dominated by large diatoms and dinoflagellates which support a zooplankton biomass up to seven times greater (89 g/100 m³) than the regional average for the Colombian Pacific (12 g/100 m³; Murcia Riaño and Giraldo López, 2007; Giraldo et al., 2011). Therefore, zooplankton also facilitates carbon export through marine snow, contributing to remineralization in the water column and up approximately 90–100 m depth (Alldredge, 1984; Vargas et al., 2007) which further aids in pCO2w modulation at the surface (WEK, 
Figure 5C
). The persistence of such high productivity effectively modulates surface pCO2w by enhancing phytoplanktonic CO2 uptake, thereby reducing the magnitude of air-sea fluxes. Without this sustained biological activity, surface waters around Gorgona would likely accumulate greater CO2 excesses and display substantially higher efflux to the atmosphere during La Niña years.






4.5 Potential drivers for low CO2 flux


The near-neutral to slightly positive CO2 fluxes observed around Gorgona can be understood as the outcome of several interacting climatic–oceanographic processes. As shown, the system displays marked seasonal variability, yet overall fluxes remained low to neutral compared with other tropical Pacific or estuarine sites. Three main drivers appear to regulate this behavior: wind-driven exchange, vertical stratification, and the buffering capacity of surface waters.


Wind speeds during the study period were consistently low (mean<5 m s-1; range: 2.1–6.4 m s-1; 
Figure 5
), which limited the efficiency of gas transfer. Since air–sea CO2 fluxes are jointly governed by wind speed and the air–sea CO2 partial pressure gradient (ΔpCO2), the absence of high-wind events (>10 m s-1; Prytherch et al., 2010) meant that surface–atmosphere exchange remained weak throughout most of the year. Even when ΔpCO2 values were favorable for outgassing, limited wind-driven turbulence constrained fluxes to the atmosphere.


Vertical stratification further reinforced this suppression. The water column at Gorgona remained strongly stratified for most of the year, with the thermocline–halocline–pycnocline complex typically lying between 11 and 40 m depth (
Figure 4C
). This effectively isolated subsurface CO2-enriched waters from the surface, preventing their sustained transfer into the mixed layer. Only in March, during the shoaling of the thermocline (to ~11 m), did subsurface waters briefly reach the surface, temporarily breaking stratification. Yet even under these conditions, fluxes remained near-neutral rather than shifting strongly positive.


This apparent contradiction can be explained by the buffering capacity of surface waters. Revelle Factor (RF) values were lowest during upwelling (January–March; 
Figure 4N
), indicating a high resistance of surface waters to changes in pCO2W despite inputs of dissolved inorganic carbon (DIC) from below. As a result, increases in subsurface DIC did not translate into proportional rises in surface pCO2W, thus preventing strong efflux. By contrast, RF increased during the post-upwelling period (May–July; 
Figure 4N
), when surface waters became more sensitive to DIC changes. Nevertheless, stratification was then strongest, reducing the vertical supply of CO2-rich subsurface waters and limiting fluxes.


Taken together, these mechanisms explain why Gorgona exhibited suppressed CO2 efflux during both upwelling and post-upwelling conditions. Wind limitation constrained the physical transfer of CO2, stratification acted as a barrier separating sources from the surface, and buffering capacity modulated the extent to which subsurface DIC inputs could alter surface pCO2W. This combination is consistent with earlier findings in the Colombian Caribbean (Reimer et al., 2013; Ricaurte-Villota et al., 2025), where La Niña–driven stratification similarly reduced CO2 outgassing. At Gorgona, therefore, the interplay of seasonal stratification and surface carbonate chemistry set the stage for fluxes that remained near-neutral, even under physical conditions that would normally favor enhanced CO2 release.






4.6 Gorgona’s CO2 fluxes in the context of global and regional estimates


To enable comparison of our nine-month flux record with annual estimates reported in literature, we estimated the three missing post-upwelling months (August to October 2020) in order to derive a potential annual flux. This approximation was based on our in situ measurements from six post-upwelling months that correspond to the rainy (wetter) season, a period which also encompasses the missing months. From these six months, we calculated a mean monthly flux of 0.00024 ± 0.0001 mol C m². Using this value, we estimated the flux for the three missing months (0.0007 mol C m²; net positive flux) and added it to the nine-month total (0.01049 ± 0.000148 mol C m²) yielding a potential annual flux of 0.0112 ± 0.00015 mol C m² yr-1. Interpolation of missing FCO2 data has been applied previously (e.g., Kahl, 2018). Nevertheless, we emphasize that the estimated three-month flux is a hypothetical approximation intended only for comparison purposes, and should be validated with additional in situ measurements.


This approach revealed a neutral to weakly positive net air-sea CO2 flux at Gorgona Island (FCO2 = 0.0112 ± 0.00015 mol C m-2 yr-1; ~0.031 mmol C m-2 d-1) being an order of magnitude lower than those reported by Dai et al. (2022) for non-ENSO years (0.8–1.0 mol C m-2 yr-1), and close to the lower limit of the global range reported by Wong et al. (2022) for surface ocean carbon fluxes (0–1.5 mol C m-2 yr-1); highlighting potential regional divergence from global modeling outputs (
Table 1
).



Table 1 | 
CO2 fluxes between air and sea in different geographic areas.





	Location

	Long.

	Lat.

	Continent

	CO2 Flux (mol C m-2 yr-1)

	ENSO state

	Reference






	Southeast Asia
	115°E
	2.2°S
	AS
	0.86 ± 17
	Moderate Niño
	
Laurelle et al. (2013)




	Northern Australia
	125°E
	8.9°S
	OC
	0.11 ± 15.7
	Moderate Niño
	
Laurelle et al. (2013)




	Caribbean Sea
	75°W
	14.5°N
	SA
	0.66 ± 4.5
	Moderate Niño
	
Laurelle et al. (2013)




	Tropical Ocean
	90°E – 90°W
	20°S – 20°N
	NA/SA
	2.4 ± 0.05
	Moderate Niño
	
Laurelle et al. (2013)




	Matla Estuary
	88°E
	20°N
	AS
	2.3 + 0.5
	Strong Niño
	
Akhand et al. (2016)




	Patos Lagoon
	52.5°W
	6°N
	SA
	-13.9 – 19.7
	Moderate Niña
	
Albuquerque et al. (2022)




	Omani coast
	59°E
	20°N
	AS
	-0.9 ± 0.03
	Strong Niña
	
Millero et al. (1998)




	South China Sea (North)
	116°E
	22°N
	AS
	0.86 ± 0.04
	Weak Niño
	
Zhai et al. (2005)




	South China Sea (North)
	116°E
	22°N
	AS
	0.4 ± 0.2
	Weak Niña
	
Li et al. (2022b)




	Eastern Equatorial Pacific Ocean
	90°W - 165°E
	5°N - 10°S
	NA/SA - OC
	2 ± 1
	Weak Niña
	
Cosca et al. (2003)




	Equatorial Pacific Ocean
	270°E
	3°N
	SA
	0.20 ± 0.02
	Moderate Niña
	
Vaittinada Ayar et al. (2022)




	Red Sea
	42.8°E
	13.4°N
	AS/AF
	0.01 ± 0.001
	Moderate Niña
	
Hydes et al. (2012)




	Gulf of Nicoya
	-84.9°W
	9.6°N
	CA
	-0.02 ± 0.001
	NA
	
Palacios Moreno and Pinto Tovar (1992) (SOCAT)



	Arafura Sea
	136.3°E
	-9.9°S
	OC
	-0.01 ± 0.001
	Moderate Niña
	
Hydes et al. (2012)




	Amazon River plume
	-52.5°W
	6°N
	SA
	-12.78 ± 0.02
	Weak Niña
	
Kortzinger (2003)




	Equatorial Pacific
	125°W
	3°N
	SA
	0.3 ± 0.1
	Moderate Niña
	
Landschützer et al. (2022)




	Equatorial Pacific
	125°W
	3°N
	SA
	1.5 ± 0.03
	Strong Niño
	
Cosca et al. (2003)




	Tropical Eastern Pacific
	-81°W
	4.7°N
	SA
	-0.05 ± 0.01
	NA
	
Laurelle et al. (2013)




	Subarctic Pacific
	145°E
	50°N
	AN
	0.7 ± 0.5
	Moderate Niño
	
Wang et al. (2018)




	North Pacific Shelf
	118°W
	28°N
	NA
	0.35 ± 0.07
	Weak Niña
	
Jersild et al. (2017)




	North Pacific Shelf
	117°W
	31°N
	NA
	0.043 ± 0.01
	NA
	
Reimer et al. (2013)




	Colombian Atlantic
	77°W
	10°N
	SA
	0.25 ± 0.05
	Weak Niña
	
Vaittinada Ayar et al. (2022)




	Caribbean Coast
	74°W
	11°N
	SA
	0.02 ± 0.01
	Moderate Niña
	
Ricaurte-Villota et al. (2025)




	Equatorial Pacific Coast
	78°W
	3°N
	SA
	0.0112 ± 0.0001
	Moderate Niña
	This study (2021-2022)







It is important to note the flux difference when comparing systems at low latitudes, even during ENSO years. The similarity of the flux in the Colombian Pacific with tropical systems in the western Pacific Ocean is observed, even if they are located in Asia or Oceania. The abbreviations for continents are: AS, Asia; OC, Oceania; SA, South America; NA, North America; AF, Africa; CA, Central America; AN, Antarctica; EN, El Niño and LN, La Niña. The ENSO state is based on the ONI index from NOAA. Note that the value for this study is the predicted yearly flux for easier literature comparison.




The Gorgona fluxes were also markedly lower than those observed in other tropical and coastal systems. For instance, at similar equatorial latitudes (~3°N), Jersild et al. (2017) and Landschützer et al. (2022) reported fluxes exceeding 0.3 ± 0.1 mol C m-2 yr-1 during moderate La Niña conditions. Pacific Ocean continental shelves exhibit values between 0.2 and 0.35 mol C m-2 yr-1 (Jersild et al., 2017; Vaittinada Ayar et al., 2022), while the North Pacific shelf, even under non-ENSO conditions, registers around 0.043 mol C m-2 yr-1 (Reimer et al., 2013). These regional differences suggest that local environmental controls strongly limit the air-sea CO2 exchange in the Eastern Tropical Pacific, particularly near Gorgona. Consistent with this interpretation, Ricaurte-Villota et al. (2025) documented similarly low to near-neutral fluxes in the Colombian Caribbean under La Niña conditions, attributing them to high rainfall, enhanced stratification, and strong biological uptake. These drivers mirror those identified in our study, reinforcing the idea that La Niña exerts a suppressive effect on CO2 release in this region. Comparable mechanisms have also been described in Arctic continental shelves, where freshwater inputs from rivers and ice melts (together with seasonal ice coverage) enhanced stratification, restricting gas exchange and contributing to low or near-neutral fluxes (Else et al., 2013; Miller et al., 2019; Mu et al., 2020).


Furthermore, comparison with other tropical systems reinforces our findings. Similar low or near-neutral fluxes have been reported in Costa Rica’s Gulf of Nicoya (Pfeil et al., 2013) and other areas of the Eastern Tropical Pacific (Laurelle et al., 2013).


Estuarine systems by contrast, tend to show higher fluxes and yearly variability (Chen et al., 2013). For example, the Matla estuary in India exhibits high annual fluxes of 2.3 mol C m-2 yr-1 (Akhand et al., 2016) over 10 times greater than the estimated CO2 flux around Gorgona, and the Patos Lagoon in Brazil ranges from -13.9 to 19.7 mol C m-2 yr-1 attributed to changes in freshwater input and phytoplankton activity (Albuquerque et al., 2022). Meanwhile Asian tropical estuaries average around 8.1 mol C m-2 yr-1 (Chen et al., 2013) which are also substantially higher than our estimated yearly fluxes. However, comparable near-neutral fluxes were reported in the Arafura and Red Seas under similar La Niña conditions (Hydes et al., 2012).


Although global models (e.g., Dai et al., 2022) and some regional studies do not explicitly separate ENSO phases, this distinction is essential for accurately characterizing flux dynamics in equatorial regions such as Gorgona. Prior literature indicates that La Niña conditions can reduce FCO2 by 0.2–0.4 mol C m-2 yr-1 in the Pacific region, compared to El Niño or neutral years, aligning with the low values observed in this study (Chavez et al., 1999; Landschützer et al., 2016; McKinley et al., 2020; Park et al., 2010).


Our findings challenge the assumption that upwelling-dominated systems and estuarine environment are high CO2 emitters, especially under La Niña conditions. Since in our tropical coastal area FCO2 is sensitive to atmospheric conditions (wind velocity, precipitation, solar radiation), freshwater discharge, physical dynamic (vertical-horizontal water movement), vertical stratification, upwelling events, carbonate chemistry and biological uptake. Future research should incorporate higher-resolution temporal data, uncertainty analyses in ΔpCO2, and ENSO-phase-specific studies (and neutral/non-ENSO years) to improve carbon flux estimates in this and similar tropical estuarine systems.






4.7 Methodological considerations and recommendations


Our study did not include measurements of δ¹³C-DIC, which limits our ability to trace the biogeochemical sources and transformations of dissolved inorganic carbon. This isotopic parameter is a powerful tool for distinguishing between marine, terrestrial, and anthropogenic carbon inputs, and for assessing the extent of biological activity and remineralization. Its absence constrains our interpretation of carbon cycling dynamics, particularly under varying ENSO conditions. We suggest that future sampling campaigns incorporate δ¹³C-DIC analysis to enhance source attribution and improve the mechanistic understanding of CO2 flux variability in coastal upwelling systems. Additionally, we did not directly measure nutrients, which limits our ability to consider them in the CO2SYS calculations, specifically those which are proton acceptors (e.g. phosphates, silicates, ammonia), which can have effects on the computation of certain carbonate system parameters under high nutrient loads. We recommend that future sampling efforts incorporate nutrient measurements for improved flux and carbonate system calculations.


It is important to consider methodological differences when comparing with other studies. Although references such as Feely et al. (2004, 2006) and Hydes et al. (2012) offer context, disparities in sampling protocols, spatial resolution, and ecosystem type limit the scope of direct comparison. Finally, we recommend a long-term monitoring program taking water samples to estimate in the lab the couple DIC/TA, this will allow to compare the CO2 flux variability between ENSO events and neutral conditions. An inexpensive discrete sampling based on our experience for Gorgona National Park could be to take water samples for 2–4 contrasting months.







5 Conclusions


The estimated air-sea CO2 flux at Gorgona Island (near 3°N in the Eastern Equatorial Pacific) was close to neutral (0.0104 mol C m-2) during the nine sampled months under La Niña conditions. Gorgona displayed a bimodal regime: (I) a predominantly post-upwelling system for six months, characterized by slightly positive to near-neutral fluxes, augmented river discharge and rainfall, elevated sea surface temperatures (>27.4 °C), and high pCO2W (567 μatm in average); and (II) three months of upwelling, with neutral or weakly negative fluxes (–0.1 ± 0.07 g C m-2 day-1), associated with CO2 rich subsurface waters (nutrient rich) and phytoplankton uptake (minimum values of DeltaDIC aligned with the Chl-a maximum).


Although subsurface waters and coastal rivers deliver CO2 to the surface, the intense and persistent stratification from low TA/DIC freshwater (high Revelle factor values; stratification starting at 10 to 45 m), reinforced by warmer surface waters, and freshwater downwelling, effectively limits CO2 venting to the atmosphere. The estimated air-sea CO2 flux at Gorgona Island aligns with global estimates proposed by Wong et al. (2022). Still is lower than those predicted by the model of Dai et al. (2022), suggesting the influence of local biogeochemical processes. In summary, under La Niña conditions, characterized by rainfall and river runoff (mean SSS = 29.5 ± 1.5) the combined effects of low wind speeds (<5 m s-1), vertical stratification, and the biological activity appear to explain the net neutral balance in the air-sea CO2 flux in this region. This study highlights the importance of integrating local physical and biological coastal processes (hydrography) when estimating region-specific CO2 fluxes (in both magnitude and direction); additionally, long temporal in situ measurements under ENSO events such as El Niño and Neutral conditions are needed to compare with La Niña FCO2 findings.


Nevertheless, the overall trend of low fluxes during La Niña, as shown across tropical estuaries and coastal systems, supports the hypothesis that this event suppresses CO2 efflux through enhanced freshwater delivery and weakened ocean-atmosphere coupling. However, the hypothesis of high positive fluxes during El Niño or neutral years, when rainfall and upwelling are reduced at Gorgona, needs further investigation through seasonal and interannual monitoring campaigns including physical and biogeochemical variables.
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;

if(document.getElementById&&document.childNodes&&document.createElement){if(!window.MathJax){window.MathJax={}}if(!MathJax.Hub){MathJax.version="2.1";MathJax.fileversion="2.1";(function(d){var b=window[d];if(!b){b=window[d]={}}var f=[];var c=function(g){var h=g.constructor;if(!h){h=new Function("")}for(var i in g){if(i!=="constructor"&&g.hasOwnProperty(i)){h[i]=g[i]}}return h};var a=function(){return new Function("return arguments.callee.Init.call(this,arguments)")};var e=a();e.prototype={bug_test:1};if(!e.prototype.bug_test){a=function(){return function(){return arguments.callee.Init.call(this,arguments)}}}b.Object=c({constructor:a(),Subclass:function(g,i){var h=a();h.SUPER=this;h.Init=this.Init;h.Subclass=this.Subclass;h.Augment=this.Augment;h.protoFunction=this.protoFunction;h.can=this.can;h.has=this.has;h.isa=this.isa;h.prototype=new this(f);h.prototype.constructor=h;h.Augment(g,i);return h},Init:function(g){var h=this;if(g.length===1&&g[0]===f){return h}if(!(h instanceof g.callee)){h=new g.callee(f)}return h.Init.apply(h,g)||h},Augment:function(g,h){var i;if(g!=null){for(i in g){if(g.hasOwnProperty(i)){this.protoFunction(i,g[i])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){this.protoFunction("toString",g.toString)}}if(h!=null){for(i in h){if(h.hasOwnProperty(i)){this[i]=h[i]}}}return this},protoFunction:function(h,g){this.prototype[h]=g;if(typeof g==="function"){g.SUPER=this.SUPER.prototype}},prototype:{Init:function(){},SUPER:function(g){return g.callee.SUPER},can:function(g){return typeof(this[g])==="function"},has:function(g){return typeof(this[g])!=="undefined"},isa:function(g){return(g instanceof Object)&&(this instanceof g)}},can:function(g){return this.prototype.can.call(this,g)},has:function(g){return this.prototype.has.call(this,g)},isa:function(h){var g=this;while(g){if(g===h){return true}else{g=g.SUPER}}return false},SimpleSUPER:c({constructor:function(g){return this.SimpleSUPER.define(g)},define:function(g){var i={};if(g!=null){for(var h in g){if(g.hasOwnProperty(h)){i[h]=this.wrap(h,g[h])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){i.toString=this.wrap("toString",g.toString)}}return i},wrap:function(i,h){if(typeof(h)==="function"&&h.toString().match(/\.\s*SUPER\s*\(/)){var g=new Function(this.wrapper);g.label=i;g.original=h;h=g;g.toString=this.stringify}return h},wrapper:function(){var h=arguments.callee;this.SUPER=h.SUPER[h.label];try{var g=h.original.apply(this,arguments)}catch(i){delete this.SUPER;throw i}delete this.SUPER;return g}.toString().replace(/^\s*function\s*\(\)\s*\{\s*/i,"").replace(/\s*\}\s*$/i,""),toString:function(){return this.original.toString.apply(this.original,arguments)}})})})("MathJax");(function(BASENAME){var BASE=window[BASENAME];if(!BASE){BASE=window[BASENAME]={}}var CALLBACK=function(data){var cb=new Function("return arguments.callee.execute.apply(arguments.callee,arguments)");for(var id in CALLBACK.prototype){if(CALLBACK.prototype.hasOwnProperty(id)){if(typeof(data[id])!=="undefined"){cb[id]=data[id]}else{cb[id]=CALLBACK.prototype[id]}}}cb.toString=CALLBACK.prototype.toString;return cb};CALLBACK.prototype={isCallback:true,hook:function(){},data:[],object:window,execute:function(){if(!this.called||this.autoReset){this.called=!this.autoReset;return this.hook.apply(this.object,this.data.concat([].slice.call(arguments,0)))}},reset:function(){delete this.called},toString:function(){return this.hook.toString.apply(this.hook,arguments)}};var ISCALLBACK=function(f){return(typeof(f)==="function"&&f.isCallback)};var EVAL=function(code){return eval.call(window,code)};EVAL("var __TeSt_VaR__ = 1");if(window.__TeSt_VaR__){try{delete window.__TeSt_VaR__}catch(error){window.__TeSt_VaR__=null}}else{if(window.execScript){EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";window.execScript(code);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}else{EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";var head=(document.getElementsByTagName("head"))[0];if(!head){head=document.body}var script=document.createElement("script");script.appendChild(document.createTextNode(code));head.appendChild(script);head.removeChild(script);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}}var USING=function(args,i){if(arguments.length>1){if(arguments.length===2&&!(typeof arguments[0]==="function")&&arguments[0] instanceof Object&&typeof arguments[1]==="number"){args=[].slice.call(args,i)}else{args=[].slice.call(arguments,0)}}if(args instanceof Array&&args.length===1){args=args[0]}if(typeof args==="function"){if(args.execute===CALLBACK.prototype.execute){return args}return CALLBACK({hook:args})}else{if(args instanceof Array){if(typeof(args[0])==="string"&&args[1] instanceof Object&&typeof args[1][args[0]]==="function"){return CALLBACK({hook:args[1][args[0]],object:args[1],data:args.slice(2)})}else{if(typeof args[0]==="function"){return CALLBACK({hook:args[0],data:args.slice(1)})}else{if(typeof args[1]==="function"){return CALLBACK({hook:args[1],object:args[0],data:args.slice(2)})}}}}else{if(typeof(args)==="string"){return CALLBACK({hook:EVAL,data:[args]})}else{if(args instanceof Object){return CALLBACK(args)}else{if(typeof(args)==="undefined"){return CALLBACK({})}}}}}throw Error("Can't make callback from given data")};var DELAY=function(time,callback){callback=USING(callback);callback.timeout=setTimeout(callback,time);return callback};var WAITFOR=function(callback,signal){callback=USING(callback);if(!callback.called){WAITSIGNAL(callback,signal);signal.pending++}};var WAITEXECUTE=function(){var signals=this.signal;delete this.signal;this.execute=this.oldExecute;delete this.oldExecute;var result=this.execute.apply(this,arguments);if(ISCALLBACK(result)&&!result.called){WAITSIGNAL(result,signals)}else{for(var i=0,m=signals.length;i<m;i++){signals[i].pending--;if(signals[i].pending<=0){signals[i].call()}}}};var WAITSIGNAL=function(callback,signals){if(!(signals instanceof Array)){signals=[signals]}if(!callback.signal){callback.oldExecute=callback.execute;callback.execute=WAITEXECUTE;callback.signal=signals}else{if(signals.length===1){callback.signal.push(signals[0])}else{callback.signal=callback.signal.concat(signals)}}};var AFTER=function(callback){callback=USING(callback);callback.pending=0;for(var i=1,m=arguments.length;i<m;i++){if(arguments[i]){WAITFOR(arguments[i],callback)}}if(callback.pending===0){var result=callback();if(ISCALLBACK(result)){callback=result}}return callback};var HOOKS=MathJax.Object.Subclass({Init:function(reset){this.hooks=[];this.reset=reset},Add:function(hook,priority){if(priority==null){priority=10}if(!ISCALLBACK(hook)){hook=USING(hook)}hook.priority=priority;var i=this.hooks.length;while(i>0&&priority<this.hooks[i-1].priority){i--}this.hooks.splice(i,0,hook);return hook},Remove:function(hook){for(var i=0,m=this.hooks.length;i<m;i++){if(this.hooks[i]===hook){this.hooks.splice(i,1);return}}},Execute:function(){var callbacks=[{}];for(var i=0,m=this.hooks.length;i<m;i++){if(this.reset){this.hooks[i].reset()}var result=this.hooks[i].apply(window,arguments);if(ISCALLBACK(result)&&!result.called){callbacks.push(result)}}if(callbacks.length===1){return null}if(callbacks.length===2){return callbacks[1]}return AFTER.apply({},callbacks)}});var EXECUTEHOOKS=function(hooks,data,reset){if(!hooks){return null}if(!(hooks instanceof Array)){hooks=[hooks]}if(!(data instanceof Array)){data=(data==null?[]:[data])}var handler=HOOKS(reset);for(var i=0,m=hooks.length;i<m;i++){handler.Add(hooks[i])}return handler.Execute.apply(handler,data)};var QUEUE=BASE.Object.Subclass({Init:function(){this.pending=0;this.running=0;this.queue=[];this.Push.apply(this,arguments)},Push:function(){var callback;for(var i=0,m=arguments.length;i<m;i++){callback=USING(arguments[i]);if(callback===arguments[i]&&!callback.called){callback=USING(["wait",this,callback])}this.queue.push(callback)}if(!this.running&&!this.pending){this.Process()}return callback},Process:function(queue){while(!this.running&&!this.pending&&this.queue.length){var callback=this.queue[0];queue=this.queue.slice(1);this.queue=[];this.Suspend();var result=callback();this.Resume();if(queue.length){this.queue=queue.concat(this.queue)}if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}}},Suspend:function(){this.running++},Resume:function(){if(this.running){this.running--}},call:function(){this.Process.apply(this,arguments)},wait:function(callback){return callback}});var SIGNAL=QUEUE.Subclass({Init:function(name){QUEUE.prototype.Init.call(this);this.name=name;this.posted=[];this.listeners=HOOKS(true)},Post:function(message,callback,forget){callback=USING(callback);if(this.posting||this.pending){this.Push(["Post",this,message,callback,forget])}else{this.callback=callback;callback.reset();if(!forget){this.posted.push(message)}this.Suspend();this.posting=true;var result=this.listeners.Execute(message);if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}this.Resume();delete this.posting;if(!this.pending){this.call()}}return callback},Clear:function(callback){callback=USING(callback);if(this.posting||this.pending){callback=this.Push(["Clear",this,callback])}else{this.posted=[];callback()}return callback},call:function(){this.callback(this);this.Process()},Interest:function(callback,ignorePast,priority){callback=USING(callback);this.listeners.Add(callback,priority);if(!ignorePast){for(var i=0,m=this.posted.length;i<m;i++){callback.reset();var result=callback(this.posted[i]);if(ISCALLBACK(result)&&i===this.posted.length-1){WAITFOR(result,this)}}}return callback},NoInterest:function(callback){this.listeners.Remove(callback)},MessageHook:function(msg,callback,priority){callback=USING(callback);if(!this.hooks){this.hooks={};this.Interest(["ExecuteHooks",this])}if(!this.hooks[msg]){this.hooks[msg]=HOOKS(true)}this.hooks[msg].Add(callback,priority);for(var i=0,m=this.posted.length;i<m;i++){if(this.posted[i]==msg){callback.reset();callback(this.posted[i])}}return callback},ExecuteHooks:function(msg,more){var type=((msg instanceof Array)?msg[0]:msg);if(!this.hooks[type]){return null}return this.hooks[type].Execute(msg)}},{signals:{},find:function(name){if(!SIGNAL.signals[name]){SIGNAL.signals[name]=new SIGNAL(name)}return SIGNAL.signals[name]}});BASE.Callback=BASE.CallBack=USING;BASE.Callback.Delay=DELAY;BASE.Callback.After=AFTER;BASE.Callback.Queue=QUEUE;BASE.Callback.Signal=SIGNAL.find;BASE.Callback.Hooks=HOOKS;BASE.Callback.ExecuteHooks=EXECUTEHOOKS})("MathJax");(function(d){var a=window[d];if(!a){a=window[d]={}}var c=(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined");var f=0;var g=function(h){if(document.styleSheets&&document.styleSheets.length>f){f=document.styleSheets.length}if(!h){h=(document.getElementsByTagName("head"))[0];if(!h){h=document.body}}return h};var e=[];var b=function(){for(var j=0,h=e.length;j<h;j++){a.Ajax.head.removeChild(e[j])}e=[]};a.Ajax={loaded:{},loading:{},loadHooks:{},timeout:15*1000,styleDelay:1,config:{root:""},STATUS:{OK:1,ERROR:-1},rootPattern:new RegExp("^\\["+d+"\\]"),fileURL:function(h){return h.replace(this.rootPattern,this.config.root)},Require:function(j,m){m=a.Callback(m);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loaded[j]){m(this.loaded[j])}else{var l={};l[k]=j;this.Load(l,m)}return m},Load:function(j,l){l=a.Callback(l);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loading[j]){this.addHook(j,l)}else{this.head=g(this.head);if(this.loader[k]){this.loader[k].call(this,j,l)}else{throw Error("Can't load files of type "+k)}}return l},LoadHook:function(k,l,j){l=a.Callback(l);if(k instanceof Object){for(var h in k){k=k[h]}}k=this.fileURL(k);if(this.loaded[k]){l(this.loaded[k])}else{this.addHook(k,l,j)}return l},addHook:function(i,j,h){if(!this.loadHooks[i]){this.loadHooks[i]=MathJax.Callback.Hooks()}this.loadHooks[i].Add(j,h)},Preloading:function(){for(var k=0,h=arguments.length;k<h;k++){var j=this.fileURL(arguments[k]);if(!this.loading[j]){this.loading[j]={preloaded:true}}}},loader:{JS:function(i,k){var h=document.createElement("script");var j=a.Callback(["loadTimeout",this,i]);this.loading[i]={callback:k,message:a.Message.File(i),timeout:setTimeout(j,this.timeout),status:this.STATUS.OK,script:h};h.onerror=j;h.type="text/javascript";h.src=i;this.head.appendChild(h)},CSS:function(h,j){var i=document.createElement("link");i.rel="stylesheet";i.type="text/css";i.href=h;this.loading[h]={callback:j,message:a.Message.File(h),status:this.STATUS.OK};this.head.appendChild(i);this.timer.create.call(this,[this.timer.file,h],i)}},timer:{create:function(i,h){i=a.Callback(i);if(h.nodeName==="STYLE"&&h.styleSheet&&typeof(h.styleSheet.cssText)!=="undefined"){i(this.STATUS.OK)}else{if(window.chrome&&typeof(window.sessionStorage)!=="undefined"&&h.nodeName==="STYLE"){i(this.STATUS.OK)}else{if(c){this.timer.start(this,[this.timer.checkSafari2,f++,i],this.styleDelay)}else{this.timer.start(this,[this.timer.checkLength,h,i],this.styleDelay)}}}return i},start:function(i,h,j,k){h=a.Callback(h);h.execute=this.execute;h.time=this.time;h.STATUS=i.STATUS;h.timeout=k||i.timeout;h.delay=h.total=0;if(j){setTimeout(h,j)}else{h()}},time:function(h){this.total+=this.delay;this.delay=Math.floor(this.delay*1.05+5);if(this.total>=this.timeout){h(this.STATUS.ERROR);return 1}return 0},file:function(i,h){if(h<0){a.Ajax.loadTimeout(i)}else{a.Ajax.loadComplete(i)}},execute:function(){this.hook.call(this.object,this,this.data[0],this.data[1])},checkSafari2:function(h,i,j){if(h.time(j)){return}if(document.styleSheets.length>i&&document.styleSheets[i].cssRules&&document.styleSheets[i].cssRules.length){j(h.STATUS.OK)}else{setTimeout(h,h.delay)}},checkLength:function(h,k,m){if(h.time(m)){return}var l=0;var i=(k.sheet||k.styleSheet);try{if((i.cssRules||i.rules||[]).length>0){l=1}}catch(j){if(j.message.match(/protected variable|restricted URI/)){l=1}else{if(j.message.match(/Security error/)){l=1}}}if(l){setTimeout(a.Callback([m,h.STATUS.OK]),0)}else{setTimeout(h,h.delay)}}},loadComplete:function(h){h=this.fileURL(h);var i=this.loading[h];if(i&&!i.preloaded){a.Message.Clear(i.message);clearTimeout(i.timeout);if(i.script){if(e.length===0){setTimeout(b,0)}e.push(i.script)}this.loaded[h]=i.status;delete this.loading[h];this.addHook(h,i.callback)}else{if(i){delete this.loading[h]}this.loaded[h]=this.STATUS.OK;i={status:this.STATUS.OK}}if(!this.loadHooks[h]){return null}return this.loadHooks[h].Execute(i.status)},loadTimeout:function(h){if(this.loading[h].timeout){clearTimeout(this.loading[h].timeout)}this.loading[h].status=this.STATUS.ERROR;this.loadError(h);this.loadComplete(h)},loadError:function(h){a.Message.Set("File failed to load: "+h,null,2000);a.Hub.signal.Post(["file load error",h])},Styles:function(j,k){var h=this.StyleString(j);if(h===""){k=a.Callback(k);k()}else{var i=document.createElement("style");i.type="text/css";this.head=g(this.head);this.head.appendChild(i);if(i.styleSheet&&typeof(i.styleSheet.cssText)!=="undefined"){i.styleSheet.cssText=h}else{i.appendChild(document.createTextNode(h))}k=this.timer.create.call(this,k,i)}return k},StyleString:function(m){if(typeof(m)==="string"){return m}var j="",n,l;for(n in m){if(m.hasOwnProperty(n)){if(typeof m[n]==="string"){j+=n+" {"+m[n]+"}\n"}else{if(m[n] instanceof Array){for(var k=0;k<m[n].length;k++){l={};l[n]=m[n][k];j+=this.StyleString(l)}}else{if(n.substr(0,6)==="@media"){j+=n+" {"+this.StyleString(m[n])+"}\n"}else{if(m[n]!=null){l=[];for(var h in m[n]){if(m[n].hasOwnProperty(h)){if(m[n][h]!=null){l[l.length]=h+": "+m[n][h]}}}j+=n+" {"+l.join("; ")+"}\n"}}}}}}return j}}})("MathJax");MathJax.HTML={Element:function(c,e,d){var f=document.createElement(c);if(e){if(e.style){var b=e.style;e.style={};for(var g in b){if(b.hasOwnProperty(g)){e.style[g.replace(/-([a-z])/g,this.ucMatch)]=b[g]}}}MathJax.Hub.Insert(f,e)}if(d){if(!(d instanceof Array)){d=[d]}for(var a=0;a<d.length;a++){if(d[a] instanceof Array){f.appendChild(this.Element(d[a][0],d[a][1],d[a][2]))}else{f.appendChild(document.createTextNode(d[a]))}}}return f},ucMatch:function(a,b){return b.toUpperCase()},addElement:function(b,a,d,c){return b.appendChild(this.Element(a,d,c))},TextNode:function(a){return document.createTextNode(a)},addText:function(a,b){return a.appendChild(this.TextNode(b))},setScript:function(a,b){if(this.setScriptBug){a.text=b}else{while(a.firstChild){a.removeChild(a.firstChild)}this.addText(a,b)}},getScript:function(a){var b=(a.text===""?a.innerHTML:a.text);return b.replace(/^\s+/,"").replace(/\s+$/,"")},Cookie:{prefix:"mjx",expires:365,Set:function(a,d){var c=[];if(d){for(var f in d){if(d.hasOwnProperty(f)){c.push(f+":"+d[f].toString().replace(/&/g,"&&"))}}}var b=this.prefix+"."+a+"="+escape(c.join("&;"));if(this.expires){var e=new Date();e.setDate(e.getDate()+this.expires);b+="; expires="+e.toGMTString()}document.cookie=b+"; path=/"},Get:function(c,h){if(!h){h={}}var g=new RegExp("(?:^|;\\s*)"+this.prefix+"\\."+c+"=([^;]*)(?:;|$)");var b=g.exec(document.cookie);if(b&&b[1]!==""){var e=unescape(b[1]).split("&;");for(var d=0,a=e.length;d<a;d++){b=e[d].match(/([^:]+):(.*)/);var f=b[2].replace(/&&/g,"&");if(f==="true"){f=true}else{if(f==="false"){f=false}else{if(f.match(/^-?(\d+(\.\d+)?|\.\d+)$/)){f=parseFloat(f)}}}h[b[1]]=f}}return h}}};MathJax.Message={ready:false,log:[{}],current:null,textNodeBug:(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined")||(window.hasOwnProperty&&window.hasOwnProperty("konqueror")),styles:{"#MathJax_Message":{position:"fixed",left:"1px",bottom:"2px","background-color":"#E6E6E6",border:"1px solid #959595",margin:"0px",padding:"2px 8px","z-index":"102",color:"black","font-size":"80%",width:"auto","white-space":"nowrap"},"#MathJax_MSIE_Frame":{position:"absolute",top:0,left:0,width:"0px","z-index":101,border:"0px",margin:"0px",padding:"0px"}},browsers:{MSIE:function(a){MathJax.Hub.config.styles["#MathJax_Message"].position="absolute";MathJax.Message.quirks=(document.compatMode==="BackCompat")},Chrome:function(a){MathJax.Hub.config.styles["#MathJax_Message"].bottom="1.5em";MathJax.Hub.config.styles["#MathJax_Message"].left="1em"}},Init:function(a){if(a){this.ready=true}if(!document.body||!this.ready){return false}if(this.div&&this.div.parentNode==null){this.div=document.getElementById("MathJax_Message");if(this.div){this.text=this.div.firstChild}}if(!this.div){var b=document.body;if(MathJax.Hub.Browser.isMSIE){b=this.frame=this.addDiv(document.body);b.removeAttribute("id");b.style.position="absolute";b.style.border=b.style.margin=b.style.padding="0px";b.style.zIndex="101";b.style.height="0px";b=this.addDiv(b);b.id="MathJax_MSIE_Frame";window.attachEvent("onscroll",this.MoveFrame);window.attachEvent("onresize",this.MoveFrame);this.MoveFrame()}this.div=this.addDiv(b);this.div.style.display="none";this.text=this.div.appendChild(document.createTextNode(""))}return true},addDiv:function(a){var b=document.createElement("div");b.id="MathJax_Message";if(a.firstChild){a.insertBefore(b,a.firstChild)}else{a.appendChild(b)}return b},MoveFrame:function(){var a=(MathJax.Message.quirks?document.body:document.documentElement);var b=MathJax.Message.frame;b.style.left=a.scrollLeft+"px";b.style.top=a.scrollTop+"px";b.style.width=a.clientWidth+"px";b=b.firstChild;b.style.height=a.clientHeight+"px"},filterText:function(a,b){if(MathJax.Hub.config.messageStyle==="simple"){if(a.match(/^Loading /)){if(!this.loading){this.loading="Loading "}a=this.loading;this.loading+="."}else{if(a.match(/^Processing /)){if(!this.processing){this.processing="Processing "}a=this.processing;this.processing+="."}else{if(a.match(/^Typesetting /)){if(!this.typesetting){this.typesetting="Typesetting "}a=this.typesetting;this.typesetting+="."}}}}return a},Set:function(b,c,a){if(this.timer){clearTimeout(this.timer);delete this.timeout}if(c==null){c=this.log.length;this.log[c]={}}this.log[c].text=b;this.log[c].filteredText=b=this.filterText(b,c);if(typeof(this.log[c].next)==="undefined"){this.log[c].next=this.current;if(this.current!=null){this.log[this.current].prev=c}this.current=c}if(this.current===c&&MathJax.Hub.config.messageStyle!=="none"){if(this.Init()){if(this.textNodeBug){this.div.innerHTML=b}else{this.text.nodeValue=b}this.div.style.display="";if(this.status){window.status="";delete this.status}}else{window.status=b;this.status=true}}if(a){setTimeout(MathJax.Callback(["Clear",this,c]),a)}else{if(a==0){this.Clear(c,0)}}return c},Clear:function(b,a){if(this.log[b].prev!=null){this.log[this.log[b].prev].next=this.log[b].next}if(this.log[b].next!=null){this.log[this.log[b].next].prev=this.log[b].prev}if(this.current===b){this.current=this.log[b].next;if(this.text){if(this.div.parentNode==null){this.Init()}if(this.current==null){if(this.timer){clearTimeout(this.timer);delete this.timer}if(a==null){a=600}if(a===0){this.Remove()}else{this.timer=setTimeout(MathJax.Callback(["Remove",this]),a)}}else{if(MathJax.Hub.config.messageStyle!=="none"){if(this.textNodeBug){this.div.innerHTML=this.log[this.current].filteredText}else{this.text.nodeValue=this.log[this.current].filteredText}}}if(this.status){window.status="";delete this.status}}else{if(this.status){window.status=(this.current==null?"":this.log[this.current].text)}}}delete this.log[b].next;delete this.log[b].prev;delete this.log[b].filteredText},Remove:function(){this.text.nodeValue="";this.div.style.display="none"},File:function(b){var a=MathJax.Ajax.config.root;if(b.substr(0,a.length)===a){b="[MathJax]"+b.substr(a.length)}return this.Set("Loading "+b)},Log:function(){var b=[];for(var c=1,a=this.log.length;c<a;c++){b[c]=this.log[c].text}return b.join("\n")}};MathJax.Hub={config:{root:"",config:[],styleSheets:[],styles:{".MathJax_Preview":{color:"#888"}},jax:[],extensions:[],preJax:null,postJax:null,displayAlign:"center",displayIndent:"0",preRemoveClass:"MathJax_Preview",showProcessingMessages:true,messageStyle:"normal",delayStartupUntil:"none",skipStartupTypeset:false,"v1.0-compatible":true,elements:[],positionToHash:true,showMathMenu:true,showMathMenuMSIE:true,menuSettings:{zoom:"None",CTRL:false,ALT:false,CMD:false,Shift:false,discoverable:false,zscale:"200%",renderer:"",font:"Auto",context:"MathJax",mpContext:false,mpMouse:false,texHints:true},errorSettings:{message:["[Math Processing Error]"],style:{color:"#CC0000","font-style":"italic"}}},preProcessors:MathJax.Callback.Hooks(true),inputJax:{},outputJax:{order:{}},processUpdateTime:250,processUpdateDelay:10,signal:MathJax.Callback.Signal("Hub"),Config:function(a){this.Insert(this.config,a);if(this.config.Augment){this.Augment(this.config.Augment)}},CombineConfig:function(c,f){var b=this.config,g,e;c=c.split(/\./);for(var d=0,a=c.length;d<a;d++){g=c[d];if(!b[g]){b[g]={}}e=b;b=b[g]}e[g]=b=this.Insert(f,b);return b},Register:{PreProcessor:function(){MathJax.Hub.preProcessors.Add.apply(MathJax.Hub.preProcessors,arguments)},MessageHook:function(){return MathJax.Hub.signal.MessageHook.apply(MathJax.Hub.signal,arguments)},StartupHook:function(){return MathJax.Hub.Startup.signal.MessageHook.apply(MathJax.Hub.Startup.signal,arguments)},LoadHook:function(){return MathJax.Ajax.LoadHook.apply(MathJax.Ajax,arguments)}},getAllJax:function(e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax){c.push(b[d].MathJax.elementJax)}}return c},getJaxByType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].MathJax.elementJax.mimeType===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxByInputType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].type&&b[d].type.replace(/ *;(.|\s)*/,"")===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxFor:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.MathJax){return a.MathJax.elementJax}if(a&&a.isMathJax){while(a&&!a.jaxID){a=a.parentNode}if(a){return MathJax.OutputJax[a.jaxID].getJaxFromMath(a)}}return null},isJax:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.isMathJax){return 1}if(a&&a.tagName!=null&&a.tagName.toLowerCase()==="script"){if(a.MathJax){return(a.MathJax.state===MathJax.ElementJax.STATE.PROCESSED?1:-1)}if(a.type&&this.inputJax[a.type.replace(/ *;(.|\s)*/,"")]){return -1}}return 0},setRenderer:function(d,c){if(!d){return}if(!MathJax.OutputJax[d]){this.config.menuSettings.renderer="";var b="[MathJax]/jax/output/"+d+"/config.js";return MathJax.Ajax.Require(b,["setRenderer",this,d,c])}else{this.config.menuSettings.renderer=d;if(c==null){c="jax/mml"}var a=this.outputJax;if(a[c]&&a[c].length){if(d!==a[c][0].id){a[c].unshift(MathJax.OutputJax[d]);return this.signal.Post(["Renderer Selected",d])}}return null}},Queue:function(){return this.queue.Push.apply(this.queue,arguments)},Typeset:function(e,f){if(!MathJax.isReady){return null}var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["PreProcess",this,c.elements[d]],["Process",this,c.elements[d]])}}return b.Push(c.callback)},PreProcess:function(e,f){var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["Post",this.signal,["Begin PreProcess",c.elements[d]]],(arguments.callee.disabled?{}:["Execute",this.preProcessors,c.elements[d]]),["Post",this.signal,["End PreProcess",c.elements[d]]])}}return b.Push(c.callback)},Process:function(a,b){return this.takeAction("Process",a,b)},Update:function(a,b){return this.takeAction("Update",a,b)},Reprocess:function(a,b){return this.takeAction("Reprocess",a,b)},Rerender:function(a,b){return this.takeAction("Rerender",a,b)},takeAction:function(g,e,h){var c=this.elementCallback(e,h);var b=MathJax.Callback.Queue(["Clear",this.signal]);for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){var f={scripts:[],start:new Date().getTime(),i:0,j:0,jax:{},jaxIDs:[]};b.Push(["Post",this.signal,["Begin "+g,c.elements[d]]],["Post",this.signal,["Begin Math",c.elements[d],g]],["prepareScripts",this,g,c.elements[d],f],["Post",this.signal,["Begin Math Input",c.elements[d],g]],["processInput",this,f],["Post",this.signal,["End Math Input",c.elements[d],g]],["prepareOutput",this,f,"preProcess"],["Post",this.signal,["Begin Math Output",c.elements[d],g]],["processOutput",this,f],["Post",this.signal,["End Math Output",c.elements[d],g]],["prepareOutput",this,f,"postProcess"],["Post",this.signal,["End Math",c.elements[d],g]],["Post",this.signal,["End "+g,c.elements[d]]])}}return b.Push(c.callback)},scriptAction:{Process:function(a){},Update:function(b){var a=b.MathJax.elementJax;if(a&&a.needsUpdate()){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}else{b.MathJax.state=a.STATE.PROCESSED}},Reprocess:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}},Rerender:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.OUTPUT}}},prepareScripts:function(h,e,g){if(arguments.callee.disabled){return}var b=this.elementScripts(e);var f=MathJax.ElementJax.STATE;for(var d=0,a=b.length;d<a;d++){var c=b[d];if(c.type&&this.inputJax[c.type.replace(/ *;(.|\n)*/,"")]){if(c.MathJax){if(c.MathJax.elementJax&&c.MathJax.elementJax.hover){MathJax.Extension.MathEvents.Hover.ClearHover(c.MathJax.elementJax)}if(c.MathJax.state!==f.PENDING){this.scriptAction[h](c)}}if(!c.MathJax){c.MathJax={state:f.PENDING}}if(c.MathJax.state!==f.PROCESSED){g.scripts.push(c)}}}},checkScriptSiblings:function(a){if(a.MathJax.checked){return}var b=this.config,f=a.previousSibling;if(f&&f.nodeName==="#text"){var d,e,c=a.nextSibling;if(c&&c.nodeName!=="#text"){c=null}if(b.preJax){if(typeof(b.preJax)==="string"){b.preJax=new RegExp(b.preJax+"$")}d=f.nodeValue.match(b.preJax)}if(b.postJax&&c){if(typeof(b.postJax)==="string"){b.postJax=new RegExp("^"+b.postJax)}e=c.nodeValue.match(b.postJax)}if(d&&(!b.postJax||e)){f.nodeValue=f.nodeValue.replace(b.preJax,(d.length>1?d[1]:""));f=null}if(e&&(!b.preJax||d)){c.nodeValue=c.nodeValue.replace(b.postJax,(e.length>1?e[1]:""))}if(f&&!f.nodeValue.match(/\S/)){f=f.previousSibling}}if(b.preRemoveClass&&f&&f.className===b.preRemoveClass){a.MathJax.preview=f}a.MathJax.checked=1},processInput:function(a){var b,i=MathJax.ElementJax.STATE;var h,e,d=a.scripts.length;try{while(a.i<d){h=a.scripts[a.i];if(!h){a.i++;continue}e=h.previousSibling;if(e&&e.className==="MathJax_Error"){e.parentNode.removeChild(e)}if(!h.MathJax||h.MathJax.state===i.PROCESSED){a.i++;continue}if(!h.MathJax.elementJax||h.MathJax.state===i.UPDATE){this.checkScriptSiblings(h);var g=h.type.replace(/ *;(.|\s)*/,"");b=this.inputJax[g].Process(h,a);if(typeof b==="function"){if(b.called){continue}this.RestartAfter(b)}b.Attach(h,this.inputJax[g].id);this.saveScript(b,a,h,i)}else{if(h.MathJax.state===i.OUTPUT){this.saveScript(h.MathJax.elementJax,a,h,i)}}a.i++;var c=new Date().getTime();if(c-a.start>this.processUpdateTime&&a.i<a.scripts.length){a.start=c;this.RestartAfter(MathJax.Callback.Delay(1))}}}catch(f){return this.processError(f,a,"Input")}if(a.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Processing math: 100%",0)}a.start=new Date().getTime();a.i=a.j=0;return null},saveScript:function(a,d,b,c){if(!this.outputJax[a.mimeType]){b.MathJax.state=c.UPDATE;throw Error("No output jax registered for "+a.mimeType)}a.outputJax=this.outputJax[a.mimeType][0].id;if(!d.jax[a.outputJax]){if(d.jaxIDs.length===0){d.jax[a.outputJax]=d.scripts}else{if(d.jaxIDs.length===1){d.jax[d.jaxIDs[0]]=d.scripts.slice(0,d.i)}d.jax[a.outputJax]=[]}d.jaxIDs.push(a.outputJax)}if(d.jaxIDs.length>1){d.jax[a.outputJax].push(b)}b.MathJax.state=c.OUTPUT},prepareOutput:function(c,f){while(c.j<c.jaxIDs.length){var e=c.jaxIDs[c.j],d=MathJax.OutputJax[e];if(d[f]){try{var a=d[f](c);if(typeof a==="function"){if(a.called){continue}this.RestartAfter(a)}}catch(b){if(!b.restart){MathJax.Message.Set("Error preparing "+e+" output ("+f+")",null,600);MathJax.Hub.lastPrepError=b;c.j++}return MathJax.Callback.After(["prepareOutput",this,c,f],b.restart)}}c.j++}return null},processOutput:function(h){var b,g=MathJax.ElementJax.STATE,d,a=h.scripts.length;try{while(h.i<a){d=h.scripts[h.i];if(!d||!d.MathJax){h.i++;continue}var c=d.MathJax.elementJax;if(!c){h.i++;continue}b=MathJax.OutputJax[c.outputJax].Process(d,h);d.MathJax.state=g.PROCESSED;h.i++;if(d.MathJax.preview){d.MathJax.preview.innerHTML=""}this.signal.Post(["New Math",c.inputID]);var e=new Date().getTime();if(e-h.start>this.processUpdateTime&&h.i<h.scripts.length){h.start=e;this.RestartAfter(MathJax.Callback.Delay(this.processUpdateDelay))}}}catch(f){return this.processError(f,h,"Output")}if(h.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Typesetting math: 100%",0);MathJax.Message.Clear(0)}h.i=h.j=0;return null},processMessage:function(d,b){var a=Math.floor(d.i/(d.scripts.length)*100);var c=(b==="Output"?"Typesetting":"Processing");if(this.config.showProcessingMessages){MathJax.Message.Set(c+" math: "+a+"%",0)}},processError:function(b,c,a){if(!b.restart){if(!this.config.errorSettings.message){throw b}this.formatError(c.scripts[c.i],b);c.i++}this.processMessage(c,a);return MathJax.Callback.After(["process"+a,this,c],b.restart)},formatError:function(a,c){var b=MathJax.HTML.Element("span",{className:"MathJax_Error"},this.config.errorSettings.message);b.jaxID="Error";if(MathJax.Extension.MathEvents){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown}else{MathJax.Ajax.Require("[MathJax]/extensions/MathEvents.js",function(){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown})}a.parentNode.insertBefore(b,a);if(a.MathJax.preview){a.MathJax.preview.innerHTML=""}this.lastError=c;this.signal.Post(["Math Processing Error",a,c])},RestartAfter:function(a){throw this.Insert(Error("restart"),{restart:MathJax.Callback(a)})},elementCallback:function(c,f){if(f==null&&(c instanceof Array||typeof c==="function")){try{MathJax.Callback(c);f=c;c=null}catch(d){}}if(c==null){c=this.config.elements||[]}if(!(c instanceof Array)){c=[c]}c=[].concat(c);for(var b=0,a=c.length;b<a;b++){if(typeof(c[b])==="string"){c[b]=document.getElementById(c[b])}}if(c.length==0){c.push(document.body)}if(!f){f={}}return{elements:c,callback:f}},elementScripts:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a==null){a=document.body}if(a.tagName!=null&&a.tagName.toLowerCase()==="script"){return[a]}return a.getElementsByTagName("script")},Insert:function(c,a){for(var b in a){if(a.hasOwnProperty(b)){if(typeof a[b]==="object"&&!(a[b] instanceof Array)&&(typeof c[b]==="object"||typeof c[b]==="function")){this.Insert(c[b],a[b])}else{c[b]=a[b]}}}return c}};MathJax.Hub.Insert(MathJax.Hub.config.styles,MathJax.Message.styles);MathJax.Hub.Insert(MathJax.Hub.config.styles,{".MathJax_Error":MathJax.Hub.config.errorSettings.style});MathJax.Extension={};MathJax.Hub.Configured=MathJax.Callback({});MathJax.Hub.Startup={script:"",queue:MathJax.Callback.Queue(),signal:MathJax.Callback.Signal("Startup"),params:{},Config:function(){this.queue.Push(["Post",this.signal,"Begin Config"]);var b=MathJax.HTML.Cookie.Get("user");if(b.URL||b.Config){if(confirm("MathJax has found a user-configuration cookie that includes code to be run.  Do you want to run it?\n\n(You should press Cancel unless you set up the cookie yourself.)")){if(b.URL){this.queue.Push(["Require",MathJax.Ajax,b.URL])}if(b.Config){this.queue.Push(new Function(b.Config))}}else{MathJax.HTML.Cookie.Set("user",{})}}if(this.params.config){var d=this.params.config.split(/,/);for(var c=0,a=d.length;c<a;c++){if(!d[c].match(/\.js$/)){d[c]+=".js"}this.queue.Push(["Require",MathJax.Ajax,this.URL("config",d[c])])}}if(this.script.match(/\S/)){this.queue.Push(this.script+";\n1;")}this.queue.Push(["ConfigDelay",this],["ConfigBlocks",this],["ConfigDefault",this],[function(e){return e.loadArray(MathJax.Hub.config.config,"config",null,true)},this],["Post",this.signal,"End Config"])},ConfigDelay:function(){var a=this.params.delayStartupUntil||MathJax.Hub.config.delayStartupUntil;if(a==="onload"){return this.onload}if(a==="configured"){return MathJax.Hub.Configured}return a},ConfigBlocks:function(){var c=document.getElementsByTagName("script");var f=null,b=MathJax.Callback.Queue();for(var d=0,a=c.length;d<a;d++){var e=String(c[d].type).replace(/ /g,"");if(e.match(/^text\/x-mathjax-config(;.*)?$/)&&!e.match(/;executed=true/)){c[d].type+=";executed=true";f=b.Push(c[d].innerHTML+";\n1;")}}return f},ConfigDefault:function(){var a=MathJax.Hub.config;if(a["v1.0-compatible"]&&(a.jax||[]).length===0&&!this.params.config&&(a.config||[]).length===0){return MathJax.Ajax.Require(this.URL("extensions","v1.0-warning.js"))}},Cookie:function(){return this.queue.Push(["Post",this.signal,"Begin Cookie"],["Get",MathJax.HTML.Cookie,"menu",MathJax.Hub.config.menuSettings],[function(d){var f=d.menuSettings.renderer,b=d.jax;if(f){var c="output/"+f;b.sort();for(var e=0,a=b.length;e<a;e++){if(b[e].substr(0,7)==="output/"){break}}if(e==a-1){b.pop()}else{while(e<a){if(b[e]===c){b.splice(e,1);break}e++}}b.unshift(c)}},MathJax.Hub.config],["Post",this.signal,"End Cookie"])},Styles:function(){return this.queue.Push(["Post",this.signal,"Begin Styles"],["loadArray",this,MathJax.Hub.config.styleSheets,"config"],["Styles",MathJax.Ajax,MathJax.Hub.config.styles],["Post",this.signal,"End Styles"])},Jax:function(){var f=MathJax.Hub.config,c=MathJax.Hub.outputJax;for(var g=0,b=f.jax.length,d=0;g<b;g++){var e=f.jax[g].substr(7);if(f.jax[g].substr(0,7)==="output/"&&c.order[e]==null){c.order[e]=d;d++}}var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Jax"],["loadArray",this,f.jax,"jax","config.js"],["Post",this.signal,"End Jax"])},Extensions:function(){var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Extensions"],["loadArray",this,MathJax.Hub.config.extensions,"extensions"],["Post",this.signal,"End Extensions"])},Message:function(){MathJax.Message.Init(true)},Menu:function(){var b=MathJax.Hub.config.menuSettings,a=MathJax.Hub.outputJax,d;for(var c in a){if(a.hasOwnProperty(c)){if(a[c].length){d=a[c];break}}}if(d&&d.length){if(b.renderer&&b.renderer!==d[0].id){d.unshift(MathJax.OutputJax[b.renderer])}b.renderer=d[0].id}},Hash:function(){if(MathJax.Hub.config.positionToHash&&document.location.hash&&document.body&&document.body.scrollIntoView){var d=document.location.hash.substr(1);var f=document.getElementById(d);if(!f){var c=document.getElementsByTagName("a");for(var e=0,b=c.length;e<b;e++){if(c[e].name===d){f=c[e];break}}}if(f){while(!f.scrollIntoView){f=f.parentNode}f=this.HashCheck(f);if(f&&f.scrollIntoView){setTimeout(function(){f.scrollIntoView(true)},1)}}}},HashCheck:function(b){if(b.isMathJax){var a=MathJax.Hub.getJaxFor(b);if(a&&MathJax.OutputJax[a.outputJax].hashCheck){b=MathJax.OutputJax[a.outputJax].hashCheck(b)}}return b},MenuZoom:function(){if(!MathJax.Extension.MathMenu){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathMenu.js",{}]),1000)}if(!MathJax.Extension.MathZoom){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathZoom.js",{}]),2000)}},onLoad:function(){var a=this.onload=MathJax.Callback(function(){MathJax.Hub.Startup.signal.Post("onLoad")});if(document.body&&document.readyState){if(MathJax.Hub.Browser.isMSIE){if(document.readyState==="complete"){return[a]}}else{if(document.readyState!=="loading"){return[a]}}}if(window.addEventListener){window.addEventListener("load",a,false);if(!this.params.noDOMContentEvent){window.addEventListener("DOMContentLoaded",a,false)}}else{if(window.attachEvent){window.attachEvent("onload",a)}else{window.onload=a}}return a},Typeset:function(a,b){if(MathJax.Hub.config.skipStartupTypeset){return function(){}}return this.queue.Push(["Post",this.signal,"Begin Typeset"],["Typeset",MathJax.Hub,a,b],["Post",this.signal,"End Typeset"])},URL:function(b,a){if(!a.match(/^([a-z]+:\/\/|\[|\/)/)){a="[MathJax]/"+b+"/"+a}return a},loadArray:function(b,f,c,a){if(b){if(!(b instanceof Array)){b=[b]}if(b.length){var h=MathJax.Callback.Queue(),j={},e;for(var g=0,d=b.length;g<d;g++){e=this.URL(f,b[g]);if(c){e+="/"+c}if(a){h.Push(["Require",MathJax.Ajax,e,j])}else{h.Push(MathJax.Ajax.Require(e,j))}}return h.Push({})}}return null}};(function(d){var b=window[d],e="["+d+"]";var c=b.Hub,a=b.Ajax,f=b.Callback;var g=MathJax.Object.Subclass({JAXFILE:"jax.js",require:null,config:{},Init:function(i,h){if(arguments.length===0){return this}return(this.constructor.Subclass(i,h))()},Augment:function(k,j){var i=this.constructor,h={};if(k!=null){for(var l in k){if(k.hasOwnProperty(l)){if(typeof k[l]==="function"){i.protoFunction(l,k[l])}else{h[l]=k[l]}}}if(k.toString!==i.prototype.toString&&k.toString!=={}.toString){i.protoFunction("toString",k.toString)}}c.Insert(i.prototype,h);i.Augment(null,j);return this},Translate:function(h,i){throw Error(this.directory+"/"+this.JAXFILE+" failed to define the Translate() method")},Register:function(h){},Config:function(){this.config=c.CombineConfig(this.id,this.config);if(this.config.Augment){this.Augment(this.config.Augment)}},Startup:function(){},loadComplete:function(i){if(i==="config.js"){return a.loadComplete(this.directory+"/"+i)}else{var h=f.Queue();h.Push(c.Register.StartupHook("End Config",{}),["Post",c.Startup.signal,this.id+" Jax Config"],["Config",this],["Post",c.Startup.signal,this.id+" Jax Require"],[function(j){return MathJax.Hub.Startup.loadArray(j.require,this.directory)},this],[function(j,k){return MathJax.Hub.Startup.loadArray(j.extensions,"extensions/"+k)},this.config||{},this.id],["Post",c.Startup.signal,this.id+" Jax Startup"],["Startup",this],["Post",c.Startup.signal,this.id+" Jax Ready"]);if(this.copyTranslate){h.Push([function(j){j.preProcess=j.preTranslate;j.Process=j.Translate;j.postProcess=j.postTranslate},this.constructor.prototype])}return h.Push(["loadComplete",a,this.directory+"/"+i])}}},{id:"Jax",version:"2.1",directory:e+"/jax",extensionDir:e+"/extensions"});b.InputJax=g.Subclass({elementJax:"mml",copyTranslate:true,Process:function(l,q){var j=f.Queue(),o;var k=this.elementJax;if(!(k instanceof Array)){k=[k]}for(var n=0,h=k.length;n<h;n++){o=b.ElementJax.directory+"/"+k[n]+"/"+this.JAXFILE;if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(o);j.Push(a.Require(o))}o=this.directory+"/"+this.JAXFILE;var p=j.Push(a.Require(o));if(!p.called){this.constructor.prototype.Process=function(){if(!p.called){return p}throw Error(o+" failed to load properly")}}k=c.outputJax["jax/"+k[0]];if(k){j.Push(a.Require(k[0].directory+"/"+this.JAXFILE))}return j.Push({})},needsUpdate:function(h){var i=h.SourceElement();return(h.originalText!==b.HTML.getScript(i))},Register:function(h){if(!c.inputJax){c.inputJax={}}c.inputJax[h]=this}},{id:"InputJax",version:"2.1",directory:g.directory+"/input",extensionDir:g.extensionDir});b.OutputJax=g.Subclass({copyTranslate:true,preProcess:function(j){var i,h=this.directory+"/"+this.JAXFILE;this.constructor.prototype.preProcess=function(k){if(!i.called){return i}throw Error(h+" failed to load properly")};i=a.Require(h);return i},Register:function(i){var h=c.outputJax;if(!h[i]){h[i]=[]}if(h[i].length&&(this.id===c.config.menuSettings.renderer||(h.order[this.id]||0)<(h.order[h[i][0].id]||0))){h[i].unshift(this)}else{h[i].push(this)}if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(b.ElementJax.directory+"/"+(i.split(/\//)[1])+"/"+this.JAXFILE)},Remove:function(h){}},{id:"OutputJax",version:"2.1",directory:g.directory+"/output",extensionDir:g.extensionDir,fontDir:e+(b.isPacked?"":"/..")+"/fonts",imageDir:e+(b.isPacked?"":"/..")+"/images"});b.ElementJax=g.Subclass({Init:function(i,h){return this.constructor.Subclass(i,h)},inputJax:null,outputJax:null,inputID:null,originalText:"",mimeType:"",Text:function(i,j){var h=this.SourceElement();b.HTML.setScript(h,i);h.MathJax.state=this.STATE.UPDATE;return c.Update(h,j)},Reprocess:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.UPDATE;return c.Reprocess(h,i)},Update:function(h){return this.Rerender(h)},Rerender:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.OUTPUT;return c.Process(h,i)},Remove:function(h){if(this.hover){this.hover.clear(this)}b.OutputJax[this.outputJax].Remove(this);if(!h){c.signal.Post(["Remove Math",this.inputID]);this.Detach()}},needsUpdate:function(){return b.InputJax[this.inputJax].needsUpdate(this)},SourceElement:function(){return document.getElementById(this.inputID)},Attach:function(i,j){var h=i.MathJax.elementJax;if(i.MathJax.state===this.STATE.UPDATE){h.Clone(this)}else{h=i.MathJax.elementJax=this;if(i.id){this.inputID=i.id}else{i.id=this.inputID=b.ElementJax.GetID();this.newID=1}}h.originalText=b.HTML.getScript(i);h.inputJax=j;if(h.root){h.root.inputID=h.inputID}return h},Detach:function(){var h=this.SourceElement();if(!h){return}try{delete h.MathJax}catch(i){h.MathJax=null}if(this.newID){h.id=""}},Clone:function(h){var i;for(i in this){if(!this.hasOwnProperty(i)){continue}if(typeof(h[i])==="undefined"&&i!=="newID"){delete this[i]}}for(i in h){if(!h.hasOwnProperty(i)){continue}if(typeof(this[i])==="undefined"||(this[i]!==h[i]&&i!=="inputID")){this[i]=h[i]}}}},{id:"ElementJax",version:"2.1",directory:g.directory+"/element",extensionDir:g.extensionDir,ID:0,STATE:{PENDING:1,PROCESSED:2,UPDATE:3,OUTPUT:4},GetID:function(){this.ID++;return"MathJax-Element-"+this.ID},Subclass:function(){var h=g.Subclass.apply(this,arguments);h.loadComplete=this.prototype.loadComplete;return h}});b.ElementJax.prototype.STATE=b.ElementJax.STATE;b.OutputJax.Error={id:"Error",version:"2.1",config:{},ContextMenu:function(){return b.Extension.MathEvents.Event.ContextMenu.apply(b.Extension.MathEvents.Event,arguments)},Mousedown:function(){return b.Extension.MathEvents.Event.AltContextMenu.apply(b.Extension.MathEvents.Event,arguments)},getJaxFromMath:function(){return{inputJax:"Error",outputJax:"Error",originalText:"Math Processing Error"}}};b.InputJax.Error={id:"Error",version:"2.1",config:{},sourceMenuTitle:"Error Message"}})("MathJax");(function(l){var f=window[l];if(!f){f=window[l]={}}var c=f.Hub;var q=c.Startup;var u=c.config;var e=document.getElementsByTagName("head")[0];if(!e){e=document.childNodes[0]}var b=(document.documentElement||document).getElementsByTagName("script");var d=new RegExp("(^|/)"+l+"\\.js(\\?.*)?$");for(var o=b.length-1;o>=0;o--){if((b[o].src||"").match(d)){q.script=b[o].innerHTML;if(RegExp.$2){var r=RegExp.$2.substr(1).split(/\&/);for(var n=0,h=r.length;n<h;n++){var k=r[n].match(/(.*)=(.*)/);if(k){q.params[unescape(k[1])]=unescape(k[2])}}}u.root=b[o].src.replace(/(^|\/)[^\/]*(\?.*)?$/,"");break}}f.Ajax.config=u;var a={isMac:(navigator.platform.substr(0,3)==="Mac"),isPC:(navigator.platform.substr(0,3)==="Win"),isMSIE:(window.ActiveXObject!=null&&window.clipboardData!=null),isFirefox:((window.netscape!=null||window.mozPaintCount!=null)&&document.ATTRIBUTE_NODE!=null&&!window.opera),isSafari:(navigator.userAgent.match(/ (Apple)?WebKit\//)!=null&&(!window.chrome||window.chrome.loadTimes==null)),isChrome:(window.chrome!=null&&window.chrome.loadTimes!=null),isOpera:(window.opera!=null&&window.opera.version!=null),isKonqueror:(window.hasOwnProperty&&window.hasOwnProperty("konqueror")&&navigator.vendor=="KDE"),versionAtLeast:function(x){var w=(this.version).split(".");x=(new String(x)).split(".");for(var y=0,j=x.length;y<j;y++){if(w[y]!=x[y]){return parseInt(w[y]||"0")>=parseInt(x[y])}}return true},Select:function(j){var i=j[c.Browser];if(i){return i(c.Browser)}return null}};var g=navigator.userAgent.replace(/^Mozilla\/(\d+\.)+\d+ /,"").replace(/[a-z][-a-z0-9._: ]+\/\d+[^ ]*-[^ ]*\.([a-z][a-z])?\d+ /i,"").replace(/Gentoo |Ubuntu\/(\d+\.)*\d+ (\([^)]*\) )?/,"");c.Browser=c.Insert(c.Insert(new String("Unknown"),{version:"0.0"}),a);for(var t in a){if(a.hasOwnProperty(t)){if(a[t]&&t.substr(0,2)==="is"){t=t.slice(2);if(t==="Mac"||t==="PC"){continue}c.Browser=c.Insert(new String(t),a);var p=new RegExp(".*(Version)/((?:\\d+\\.)+\\d+)|.*("+t+")"+(t=="MSIE"?" ":"/")+"((?:\\d+\\.)*\\d+)|(?:^|\\(| )([a-z][-a-z0-9._: ]+|(?:Apple)?WebKit)/((?:\\d+\\.)+\\d+)");var s=p.exec(g)||["","","","unknown","0.0"];c.Browser.name=(s[1]=="Version"?t:(s[3]||s[5]));c.Browser.version=s[2]||s[4]||s[6];break}}}c.Browser.Select({Safari:function(j){var i=parseInt((String(j.version).split("."))[0]);if(i>85){j.webkit=j.version}if(i>=534){j.version="5.1"}else{if(i>=533){j.version="5.0"}else{if(i>=526){j.version="4.0"}else{if(i>=525){j.version="3.1"}else{if(i>500){j.version="3.0"}else{if(i>400){j.version="2.0"}else{if(i>85){j.version="1.0"}}}}}}}j.isMobile=(navigator.appVersion.match(/Mobile/i)!=null);j.noContextMenu=j.isMobile},Firefox:function(j){if((j.version==="0.0"||navigator.userAgent.match(/Firefox/)==null)&&navigator.product==="Gecko"){var m=navigator.userAgent.match(/[\/ ]rv:(\d+\.\d.*?)[\) ]/);if(m){j.version=m[1]}else{var i=(navigator.buildID||navigator.productSub||"0").substr(0,8);if(i>="20111220"){j.version="9.0"}else{if(i>="20111120"){j.version="8.0"}else{if(i>="20110927"){j.version="7.0"}else{if(i>="20110816"){j.version="6.0"}else{if(i>="20110621"){j.version="5.0"}else{if(i>="20110320"){j.version="4.0"}else{if(i>="20100121"){j.version="3.6"}else{if(i>="20090630"){j.version="3.5"}else{if(i>="20080617"){j.version="3.0"}else{if(i>="20061024"){j.version="2.0"}}}}}}}}}}}}j.isMobile=(navigator.appVersion.match(/Android/i)!=null||navigator.userAgent.match(/ Fennec\//)!=null)},Opera:function(i){i.version=opera.version()},MSIE:function(j){j.isIE9=!!(document.documentMode&&(window.performance||window.msPerformance));MathJax.HTML.setScriptBug=!j.isIE9||document.documentMode<9;var v=false;try{new ActiveXObject("MathPlayer.Factory.1");j.hasMathPlayer=v=true}catch(m){}try{if(v&&!q.params.NoMathPlayer){var i=document.createElement("object");i.id="mathplayer";i.classid="clsid:32F66A20-7614-11D4-BD11-00104BD3F987";document.getElementsByTagName("head")[0].appendChild(i);document.namespaces.add("m","http://www.w3.org/1998/Math/MathML");j.mpNamespace=true;if(document.readyState&&(document.readyState==="loading"||document.readyState==="interactive")){document.write('<?import namespace="m" implementation="#MathPlayer">');j.mpImported=true}}else{document.namespaces.add("mjx_IE_fix","http://www.w3.org/1999/xlink")}}catch(m){}}});c.Browser.Select(MathJax.Message.browsers);c.queue=f.Callback.Queue();c.queue.Push(["Post",q.signal,"Begin"],["Config",q],["Cookie",q],["Styles",q],["Message",q],function(){var i=f.Callback.Queue(q.Jax(),q.Extensions());return i.Push({})},["Menu",q],q.onLoad(),function(){MathJax.isReady=true},["Typeset",q],["Hash",q],["MenuZoom",q],["Post",q.signal,"End"])})("MathJax")}};
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;

if(document.getElementById&&document.childNodes&&document.createElement){if(!window.MathJax){window.MathJax={}}if(!MathJax.Hub){MathJax.version="2.1";MathJax.fileversion="2.1";(function(d){var b=window[d];if(!b){b=window[d]={}}var f=[];var c=function(g){var h=g.constructor;if(!h){h=new Function("")}for(var i in g){if(i!=="constructor"&&g.hasOwnProperty(i)){h[i]=g[i]}}return h};var a=function(){return new Function("return arguments.callee.Init.call(this,arguments)")};var e=a();e.prototype={bug_test:1};if(!e.prototype.bug_test){a=function(){return function(){return arguments.callee.Init.call(this,arguments)}}}b.Object=c({constructor:a(),Subclass:function(g,i){var h=a();h.SUPER=this;h.Init=this.Init;h.Subclass=this.Subclass;h.Augment=this.Augment;h.protoFunction=this.protoFunction;h.can=this.can;h.has=this.has;h.isa=this.isa;h.prototype=new this(f);h.prototype.constructor=h;h.Augment(g,i);return h},Init:function(g){var h=this;if(g.length===1&&g[0]===f){return h}if(!(h instanceof g.callee)){h=new g.callee(f)}return h.Init.apply(h,g)||h},Augment:function(g,h){var i;if(g!=null){for(i in g){if(g.hasOwnProperty(i)){this.protoFunction(i,g[i])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){this.protoFunction("toString",g.toString)}}if(h!=null){for(i in h){if(h.hasOwnProperty(i)){this[i]=h[i]}}}return this},protoFunction:function(h,g){this.prototype[h]=g;if(typeof g==="function"){g.SUPER=this.SUPER.prototype}},prototype:{Init:function(){},SUPER:function(g){return g.callee.SUPER},can:function(g){return typeof(this[g])==="function"},has:function(g){return typeof(this[g])!=="undefined"},isa:function(g){return(g instanceof Object)&&(this instanceof g)}},can:function(g){return this.prototype.can.call(this,g)},has:function(g){return this.prototype.has.call(this,g)},isa:function(h){var g=this;while(g){if(g===h){return true}else{g=g.SUPER}}return false},SimpleSUPER:c({constructor:function(g){return this.SimpleSUPER.define(g)},define:function(g){var i={};if(g!=null){for(var h in g){if(g.hasOwnProperty(h)){i[h]=this.wrap(h,g[h])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){i.toString=this.wrap("toString",g.toString)}}return i},wrap:function(i,h){if(typeof(h)==="function"&&h.toString().match(/\.\s*SUPER\s*\(/)){var g=new Function(this.wrapper);g.label=i;g.original=h;h=g;g.toString=this.stringify}return h},wrapper:function(){var h=arguments.callee;this.SUPER=h.SUPER[h.label];try{var g=h.original.apply(this,arguments)}catch(i){delete this.SUPER;throw i}delete this.SUPER;return g}.toString().replace(/^\s*function\s*\(\)\s*\{\s*/i,"").replace(/\s*\}\s*$/i,""),toString:function(){return this.original.toString.apply(this.original,arguments)}})})})("MathJax");(function(BASENAME){var BASE=window[BASENAME];if(!BASE){BASE=window[BASENAME]={}}var CALLBACK=function(data){var cb=new Function("return arguments.callee.execute.apply(arguments.callee,arguments)");for(var id in CALLBACK.prototype){if(CALLBACK.prototype.hasOwnProperty(id)){if(typeof(data[id])!=="undefined"){cb[id]=data[id]}else{cb[id]=CALLBACK.prototype[id]}}}cb.toString=CALLBACK.prototype.toString;return cb};CALLBACK.prototype={isCallback:true,hook:function(){},data:[],object:window,execute:function(){if(!this.called||this.autoReset){this.called=!this.autoReset;return this.hook.apply(this.object,this.data.concat([].slice.call(arguments,0)))}},reset:function(){delete this.called},toString:function(){return this.hook.toString.apply(this.hook,arguments)}};var ISCALLBACK=function(f){return(typeof(f)==="function"&&f.isCallback)};var EVAL=function(code){return eval.call(window,code)};EVAL("var __TeSt_VaR__ = 1");if(window.__TeSt_VaR__){try{delete window.__TeSt_VaR__}catch(error){window.__TeSt_VaR__=null}}else{if(window.execScript){EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";window.execScript(code);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}else{EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";var head=(document.getElementsByTagName("head"))[0];if(!head){head=document.body}var script=document.createElement("script");script.appendChild(document.createTextNode(code));head.appendChild(script);head.removeChild(script);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}}var USING=function(args,i){if(arguments.length>1){if(arguments.length===2&&!(typeof arguments[0]==="function")&&arguments[0] instanceof Object&&typeof arguments[1]==="number"){args=[].slice.call(args,i)}else{args=[].slice.call(arguments,0)}}if(args instanceof Array&&args.length===1){args=args[0]}if(typeof args==="function"){if(args.execute===CALLBACK.prototype.execute){return args}return CALLBACK({hook:args})}else{if(args instanceof Array){if(typeof(args[0])==="string"&&args[1] instanceof Object&&typeof args[1][args[0]]==="function"){return CALLBACK({hook:args[1][args[0]],object:args[1],data:args.slice(2)})}else{if(typeof args[0]==="function"){return CALLBACK({hook:args[0],data:args.slice(1)})}else{if(typeof args[1]==="function"){return CALLBACK({hook:args[1],object:args[0],data:args.slice(2)})}}}}else{if(typeof(args)==="string"){return CALLBACK({hook:EVAL,data:[args]})}else{if(args instanceof Object){return CALLBACK(args)}else{if(typeof(args)==="undefined"){return CALLBACK({})}}}}}throw Error("Can't make callback from given data")};var DELAY=function(time,callback){callback=USING(callback);callback.timeout=setTimeout(callback,time);return callback};var WAITFOR=function(callback,signal){callback=USING(callback);if(!callback.called){WAITSIGNAL(callback,signal);signal.pending++}};var WAITEXECUTE=function(){var signals=this.signal;delete this.signal;this.execute=this.oldExecute;delete this.oldExecute;var result=this.execute.apply(this,arguments);if(ISCALLBACK(result)&&!result.called){WAITSIGNAL(result,signals)}else{for(var i=0,m=signals.length;i<m;i++){signals[i].pending--;if(signals[i].pending<=0){signals[i].call()}}}};var WAITSIGNAL=function(callback,signals){if(!(signals instanceof Array)){signals=[signals]}if(!callback.signal){callback.oldExecute=callback.execute;callback.execute=WAITEXECUTE;callback.signal=signals}else{if(signals.length===1){callback.signal.push(signals[0])}else{callback.signal=callback.signal.concat(signals)}}};var AFTER=function(callback){callback=USING(callback);callback.pending=0;for(var i=1,m=arguments.length;i<m;i++){if(arguments[i]){WAITFOR(arguments[i],callback)}}if(callback.pending===0){var result=callback();if(ISCALLBACK(result)){callback=result}}return callback};var HOOKS=MathJax.Object.Subclass({Init:function(reset){this.hooks=[];this.reset=reset},Add:function(hook,priority){if(priority==null){priority=10}if(!ISCALLBACK(hook)){hook=USING(hook)}hook.priority=priority;var i=this.hooks.length;while(i>0&&priority<this.hooks[i-1].priority){i--}this.hooks.splice(i,0,hook);return hook},Remove:function(hook){for(var i=0,m=this.hooks.length;i<m;i++){if(this.hooks[i]===hook){this.hooks.splice(i,1);return}}},Execute:function(){var callbacks=[{}];for(var i=0,m=this.hooks.length;i<m;i++){if(this.reset){this.hooks[i].reset()}var result=this.hooks[i].apply(window,arguments);if(ISCALLBACK(result)&&!result.called){callbacks.push(result)}}if(callbacks.length===1){return null}if(callbacks.length===2){return callbacks[1]}return AFTER.apply({},callbacks)}});var EXECUTEHOOKS=function(hooks,data,reset){if(!hooks){return null}if(!(hooks instanceof Array)){hooks=[hooks]}if(!(data instanceof Array)){data=(data==null?[]:[data])}var handler=HOOKS(reset);for(var i=0,m=hooks.length;i<m;i++){handler.Add(hooks[i])}return handler.Execute.apply(handler,data)};var QUEUE=BASE.Object.Subclass({Init:function(){this.pending=0;this.running=0;this.queue=[];this.Push.apply(this,arguments)},Push:function(){var callback;for(var i=0,m=arguments.length;i<m;i++){callback=USING(arguments[i]);if(callback===arguments[i]&&!callback.called){callback=USING(["wait",this,callback])}this.queue.push(callback)}if(!this.running&&!this.pending){this.Process()}return callback},Process:function(queue){while(!this.running&&!this.pending&&this.queue.length){var callback=this.queue[0];queue=this.queue.slice(1);this.queue=[];this.Suspend();var result=callback();this.Resume();if(queue.length){this.queue=queue.concat(this.queue)}if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}}},Suspend:function(){this.running++},Resume:function(){if(this.running){this.running--}},call:function(){this.Process.apply(this,arguments)},wait:function(callback){return callback}});var SIGNAL=QUEUE.Subclass({Init:function(name){QUEUE.prototype.Init.call(this);this.name=name;this.posted=[];this.listeners=HOOKS(true)},Post:function(message,callback,forget){callback=USING(callback);if(this.posting||this.pending){this.Push(["Post",this,message,callback,forget])}else{this.callback=callback;callback.reset();if(!forget){this.posted.push(message)}this.Suspend();this.posting=true;var result=this.listeners.Execute(message);if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}this.Resume();delete this.posting;if(!this.pending){this.call()}}return callback},Clear:function(callback){callback=USING(callback);if(this.posting||this.pending){callback=this.Push(["Clear",this,callback])}else{this.posted=[];callback()}return callback},call:function(){this.callback(this);this.Process()},Interest:function(callback,ignorePast,priority){callback=USING(callback);this.listeners.Add(callback,priority);if(!ignorePast){for(var i=0,m=this.posted.length;i<m;i++){callback.reset();var result=callback(this.posted[i]);if(ISCALLBACK(result)&&i===this.posted.length-1){WAITFOR(result,this)}}}return callback},NoInterest:function(callback){this.listeners.Remove(callback)},MessageHook:function(msg,callback,priority){callback=USING(callback);if(!this.hooks){this.hooks={};this.Interest(["ExecuteHooks",this])}if(!this.hooks[msg]){this.hooks[msg]=HOOKS(true)}this.hooks[msg].Add(callback,priority);for(var i=0,m=this.posted.length;i<m;i++){if(this.posted[i]==msg){callback.reset();callback(this.posted[i])}}return callback},ExecuteHooks:function(msg,more){var type=((msg instanceof Array)?msg[0]:msg);if(!this.hooks[type]){return null}return this.hooks[type].Execute(msg)}},{signals:{},find:function(name){if(!SIGNAL.signals[name]){SIGNAL.signals[name]=new SIGNAL(name)}return SIGNAL.signals[name]}});BASE.Callback=BASE.CallBack=USING;BASE.Callback.Delay=DELAY;BASE.Callback.After=AFTER;BASE.Callback.Queue=QUEUE;BASE.Callback.Signal=SIGNAL.find;BASE.Callback.Hooks=HOOKS;BASE.Callback.ExecuteHooks=EXECUTEHOOKS})("MathJax");(function(d){var a=window[d];if(!a){a=window[d]={}}var c=(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined");var f=0;var g=function(h){if(document.styleSheets&&document.styleSheets.length>f){f=document.styleSheets.length}if(!h){h=(document.getElementsByTagName("head"))[0];if(!h){h=document.body}}return h};var e=[];var b=function(){for(var j=0,h=e.length;j<h;j++){a.Ajax.head.removeChild(e[j])}e=[]};a.Ajax={loaded:{},loading:{},loadHooks:{},timeout:15*1000,styleDelay:1,config:{root:""},STATUS:{OK:1,ERROR:-1},rootPattern:new RegExp("^\\["+d+"\\]"),fileURL:function(h){return h.replace(this.rootPattern,this.config.root)},Require:function(j,m){m=a.Callback(m);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loaded[j]){m(this.loaded[j])}else{var l={};l[k]=j;this.Load(l,m)}return m},Load:function(j,l){l=a.Callback(l);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loading[j]){this.addHook(j,l)}else{this.head=g(this.head);if(this.loader[k]){this.loader[k].call(this,j,l)}else{throw Error("Can't load files of type "+k)}}return l},LoadHook:function(k,l,j){l=a.Callback(l);if(k instanceof Object){for(var h in k){k=k[h]}}k=this.fileURL(k);if(this.loaded[k]){l(this.loaded[k])}else{this.addHook(k,l,j)}return l},addHook:function(i,j,h){if(!this.loadHooks[i]){this.loadHooks[i]=MathJax.Callback.Hooks()}this.loadHooks[i].Add(j,h)},Preloading:function(){for(var k=0,h=arguments.length;k<h;k++){var j=this.fileURL(arguments[k]);if(!this.loading[j]){this.loading[j]={preloaded:true}}}},loader:{JS:function(i,k){var h=document.createElement("script");var j=a.Callback(["loadTimeout",this,i]);this.loading[i]={callback:k,message:a.Message.File(i),timeout:setTimeout(j,this.timeout),status:this.STATUS.OK,script:h};h.onerror=j;h.type="text/javascript";h.src=i;this.head.appendChild(h)},CSS:function(h,j){var i=document.createElement("link");i.rel="stylesheet";i.type="text/css";i.href=h;this.loading[h]={callback:j,message:a.Message.File(h),status:this.STATUS.OK};this.head.appendChild(i);this.timer.create.call(this,[this.timer.file,h],i)}},timer:{create:function(i,h){i=a.Callback(i);if(h.nodeName==="STYLE"&&h.styleSheet&&typeof(h.styleSheet.cssText)!=="undefined"){i(this.STATUS.OK)}else{if(window.chrome&&typeof(window.sessionStorage)!=="undefined"&&h.nodeName==="STYLE"){i(this.STATUS.OK)}else{if(c){this.timer.start(this,[this.timer.checkSafari2,f++,i],this.styleDelay)}else{this.timer.start(this,[this.timer.checkLength,h,i],this.styleDelay)}}}return i},start:function(i,h,j,k){h=a.Callback(h);h.execute=this.execute;h.time=this.time;h.STATUS=i.STATUS;h.timeout=k||i.timeout;h.delay=h.total=0;if(j){setTimeout(h,j)}else{h()}},time:function(h){this.total+=this.delay;this.delay=Math.floor(this.delay*1.05+5);if(this.total>=this.timeout){h(this.STATUS.ERROR);return 1}return 0},file:function(i,h){if(h<0){a.Ajax.loadTimeout(i)}else{a.Ajax.loadComplete(i)}},execute:function(){this.hook.call(this.object,this,this.data[0],this.data[1])},checkSafari2:function(h,i,j){if(h.time(j)){return}if(document.styleSheets.length>i&&document.styleSheets[i].cssRules&&document.styleSheets[i].cssRules.length){j(h.STATUS.OK)}else{setTimeout(h,h.delay)}},checkLength:function(h,k,m){if(h.time(m)){return}var l=0;var i=(k.sheet||k.styleSheet);try{if((i.cssRules||i.rules||[]).length>0){l=1}}catch(j){if(j.message.match(/protected variable|restricted URI/)){l=1}else{if(j.message.match(/Security error/)){l=1}}}if(l){setTimeout(a.Callback([m,h.STATUS.OK]),0)}else{setTimeout(h,h.delay)}}},loadComplete:function(h){h=this.fileURL(h);var i=this.loading[h];if(i&&!i.preloaded){a.Message.Clear(i.message);clearTimeout(i.timeout);if(i.script){if(e.length===0){setTimeout(b,0)}e.push(i.script)}this.loaded[h]=i.status;delete this.loading[h];this.addHook(h,i.callback)}else{if(i){delete this.loading[h]}this.loaded[h]=this.STATUS.OK;i={status:this.STATUS.OK}}if(!this.loadHooks[h]){return null}return this.loadHooks[h].Execute(i.status)},loadTimeout:function(h){if(this.loading[h].timeout){clearTimeout(this.loading[h].timeout)}this.loading[h].status=this.STATUS.ERROR;this.loadError(h);this.loadComplete(h)},loadError:function(h){a.Message.Set("File failed to load: "+h,null,2000);a.Hub.signal.Post(["file load error",h])},Styles:function(j,k){var h=this.StyleString(j);if(h===""){k=a.Callback(k);k()}else{var i=document.createElement("style");i.type="text/css";this.head=g(this.head);this.head.appendChild(i);if(i.styleSheet&&typeof(i.styleSheet.cssText)!=="undefined"){i.styleSheet.cssText=h}else{i.appendChild(document.createTextNode(h))}k=this.timer.create.call(this,k,i)}return k},StyleString:function(m){if(typeof(m)==="string"){return m}var j="",n,l;for(n in m){if(m.hasOwnProperty(n)){if(typeof m[n]==="string"){j+=n+" {"+m[n]+"}\n"}else{if(m[n] instanceof Array){for(var k=0;k<m[n].length;k++){l={};l[n]=m[n][k];j+=this.StyleString(l)}}else{if(n.substr(0,6)==="@media"){j+=n+" {"+this.StyleString(m[n])+"}\n"}else{if(m[n]!=null){l=[];for(var h in m[n]){if(m[n].hasOwnProperty(h)){if(m[n][h]!=null){l[l.length]=h+": "+m[n][h]}}}j+=n+" {"+l.join("; ")+"}\n"}}}}}}return j}}})("MathJax");MathJax.HTML={Element:function(c,e,d){var f=document.createElement(c);if(e){if(e.style){var b=e.style;e.style={};for(var g in b){if(b.hasOwnProperty(g)){e.style[g.replace(/-([a-z])/g,this.ucMatch)]=b[g]}}}MathJax.Hub.Insert(f,e)}if(d){if(!(d instanceof Array)){d=[d]}for(var a=0;a<d.length;a++){if(d[a] instanceof Array){f.appendChild(this.Element(d[a][0],d[a][1],d[a][2]))}else{f.appendChild(document.createTextNode(d[a]))}}}return f},ucMatch:function(a,b){return b.toUpperCase()},addElement:function(b,a,d,c){return b.appendChild(this.Element(a,d,c))},TextNode:function(a){return document.createTextNode(a)},addText:function(a,b){return a.appendChild(this.TextNode(b))},setScript:function(a,b){if(this.setScriptBug){a.text=b}else{while(a.firstChild){a.removeChild(a.firstChild)}this.addText(a,b)}},getScript:function(a){var b=(a.text===""?a.innerHTML:a.text);return b.replace(/^\s+/,"").replace(/\s+$/,"")},Cookie:{prefix:"mjx",expires:365,Set:function(a,d){var c=[];if(d){for(var f in d){if(d.hasOwnProperty(f)){c.push(f+":"+d[f].toString().replace(/&/g,"&&"))}}}var b=this.prefix+"."+a+"="+escape(c.join("&;"));if(this.expires){var e=new Date();e.setDate(e.getDate()+this.expires);b+="; expires="+e.toGMTString()}document.cookie=b+"; path=/"},Get:function(c,h){if(!h){h={}}var g=new RegExp("(?:^|;\\s*)"+this.prefix+"\\."+c+"=([^;]*)(?:;|$)");var b=g.exec(document.cookie);if(b&&b[1]!==""){var e=unescape(b[1]).split("&;");for(var d=0,a=e.length;d<a;d++){b=e[d].match(/([^:]+):(.*)/);var f=b[2].replace(/&&/g,"&");if(f==="true"){f=true}else{if(f==="false"){f=false}else{if(f.match(/^-?(\d+(\.\d+)?|\.\d+)$/)){f=parseFloat(f)}}}h[b[1]]=f}}return h}}};MathJax.Message={ready:false,log:[{}],current:null,textNodeBug:(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined")||(window.hasOwnProperty&&window.hasOwnProperty("konqueror")),styles:{"#MathJax_Message":{position:"fixed",left:"1px",bottom:"2px","background-color":"#E6E6E6",border:"1px solid #959595",margin:"0px",padding:"2px 8px","z-index":"102",color:"black","font-size":"80%",width:"auto","white-space":"nowrap"},"#MathJax_MSIE_Frame":{position:"absolute",top:0,left:0,width:"0px","z-index":101,border:"0px",margin:"0px",padding:"0px"}},browsers:{MSIE:function(a){MathJax.Hub.config.styles["#MathJax_Message"].position="absolute";MathJax.Message.quirks=(document.compatMode==="BackCompat")},Chrome:function(a){MathJax.Hub.config.styles["#MathJax_Message"].bottom="1.5em";MathJax.Hub.config.styles["#MathJax_Message"].left="1em"}},Init:function(a){if(a){this.ready=true}if(!document.body||!this.ready){return false}if(this.div&&this.div.parentNode==null){this.div=document.getElementById("MathJax_Message");if(this.div){this.text=this.div.firstChild}}if(!this.div){var b=document.body;if(MathJax.Hub.Browser.isMSIE){b=this.frame=this.addDiv(document.body);b.removeAttribute("id");b.style.position="absolute";b.style.border=b.style.margin=b.style.padding="0px";b.style.zIndex="101";b.style.height="0px";b=this.addDiv(b);b.id="MathJax_MSIE_Frame";window.attachEvent("onscroll",this.MoveFrame);window.attachEvent("onresize",this.MoveFrame);this.MoveFrame()}this.div=this.addDiv(b);this.div.style.display="none";this.text=this.div.appendChild(document.createTextNode(""))}return true},addDiv:function(a){var b=document.createElement("div");b.id="MathJax_Message";if(a.firstChild){a.insertBefore(b,a.firstChild)}else{a.appendChild(b)}return b},MoveFrame:function(){var a=(MathJax.Message.quirks?document.body:document.documentElement);var b=MathJax.Message.frame;b.style.left=a.scrollLeft+"px";b.style.top=a.scrollTop+"px";b.style.width=a.clientWidth+"px";b=b.firstChild;b.style.height=a.clientHeight+"px"},filterText:function(a,b){if(MathJax.Hub.config.messageStyle==="simple"){if(a.match(/^Loading /)){if(!this.loading){this.loading="Loading "}a=this.loading;this.loading+="."}else{if(a.match(/^Processing /)){if(!this.processing){this.processing="Processing "}a=this.processing;this.processing+="."}else{if(a.match(/^Typesetting /)){if(!this.typesetting){this.typesetting="Typesetting "}a=this.typesetting;this.typesetting+="."}}}}return a},Set:function(b,c,a){if(this.timer){clearTimeout(this.timer);delete this.timeout}if(c==null){c=this.log.length;this.log[c]={}}this.log[c].text=b;this.log[c].filteredText=b=this.filterText(b,c);if(typeof(this.log[c].next)==="undefined"){this.log[c].next=this.current;if(this.current!=null){this.log[this.current].prev=c}this.current=c}if(this.current===c&&MathJax.Hub.config.messageStyle!=="none"){if(this.Init()){if(this.textNodeBug){this.div.innerHTML=b}else{this.text.nodeValue=b}this.div.style.display="";if(this.status){window.status="";delete this.status}}else{window.status=b;this.status=true}}if(a){setTimeout(MathJax.Callback(["Clear",this,c]),a)}else{if(a==0){this.Clear(c,0)}}return c},Clear:function(b,a){if(this.log[b].prev!=null){this.log[this.log[b].prev].next=this.log[b].next}if(this.log[b].next!=null){this.log[this.log[b].next].prev=this.log[b].prev}if(this.current===b){this.current=this.log[b].next;if(this.text){if(this.div.parentNode==null){this.Init()}if(this.current==null){if(this.timer){clearTimeout(this.timer);delete this.timer}if(a==null){a=600}if(a===0){this.Remove()}else{this.timer=setTimeout(MathJax.Callback(["Remove",this]),a)}}else{if(MathJax.Hub.config.messageStyle!=="none"){if(this.textNodeBug){this.div.innerHTML=this.log[this.current].filteredText}else{this.text.nodeValue=this.log[this.current].filteredText}}}if(this.status){window.status="";delete this.status}}else{if(this.status){window.status=(this.current==null?"":this.log[this.current].text)}}}delete this.log[b].next;delete this.log[b].prev;delete this.log[b].filteredText},Remove:function(){this.text.nodeValue="";this.div.style.display="none"},File:function(b){var a=MathJax.Ajax.config.root;if(b.substr(0,a.length)===a){b="[MathJax]"+b.substr(a.length)}return this.Set("Loading "+b)},Log:function(){var b=[];for(var c=1,a=this.log.length;c<a;c++){b[c]=this.log[c].text}return b.join("\n")}};MathJax.Hub={config:{root:"",config:[],styleSheets:[],styles:{".MathJax_Preview":{color:"#888"}},jax:[],extensions:[],preJax:null,postJax:null,displayAlign:"center",displayIndent:"0",preRemoveClass:"MathJax_Preview",showProcessingMessages:true,messageStyle:"normal",delayStartupUntil:"none",skipStartupTypeset:false,"v1.0-compatible":true,elements:[],positionToHash:true,showMathMenu:true,showMathMenuMSIE:true,menuSettings:{zoom:"None",CTRL:false,ALT:false,CMD:false,Shift:false,discoverable:false,zscale:"200%",renderer:"",font:"Auto",context:"MathJax",mpContext:false,mpMouse:false,texHints:true},errorSettings:{message:["[Math Processing Error]"],style:{color:"#CC0000","font-style":"italic"}}},preProcessors:MathJax.Callback.Hooks(true),inputJax:{},outputJax:{order:{}},processUpdateTime:250,processUpdateDelay:10,signal:MathJax.Callback.Signal("Hub"),Config:function(a){this.Insert(this.config,a);if(this.config.Augment){this.Augment(this.config.Augment)}},CombineConfig:function(c,f){var b=this.config,g,e;c=c.split(/\./);for(var d=0,a=c.length;d<a;d++){g=c[d];if(!b[g]){b[g]={}}e=b;b=b[g]}e[g]=b=this.Insert(f,b);return b},Register:{PreProcessor:function(){MathJax.Hub.preProcessors.Add.apply(MathJax.Hub.preProcessors,arguments)},MessageHook:function(){return MathJax.Hub.signal.MessageHook.apply(MathJax.Hub.signal,arguments)},StartupHook:function(){return MathJax.Hub.Startup.signal.MessageHook.apply(MathJax.Hub.Startup.signal,arguments)},LoadHook:function(){return MathJax.Ajax.LoadHook.apply(MathJax.Ajax,arguments)}},getAllJax:function(e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax){c.push(b[d].MathJax.elementJax)}}return c},getJaxByType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].MathJax.elementJax.mimeType===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxByInputType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].type&&b[d].type.replace(/ *;(.|\s)*/,"")===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxFor:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.MathJax){return a.MathJax.elementJax}if(a&&a.isMathJax){while(a&&!a.jaxID){a=a.parentNode}if(a){return MathJax.OutputJax[a.jaxID].getJaxFromMath(a)}}return null},isJax:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.isMathJax){return 1}if(a&&a.tagName!=null&&a.tagName.toLowerCase()==="script"){if(a.MathJax){return(a.MathJax.state===MathJax.ElementJax.STATE.PROCESSED?1:-1)}if(a.type&&this.inputJax[a.type.replace(/ *;(.|\s)*/,"")]){return -1}}return 0},setRenderer:function(d,c){if(!d){return}if(!MathJax.OutputJax[d]){this.config.menuSettings.renderer="";var b="[MathJax]/jax/output/"+d+"/config.js";return MathJax.Ajax.Require(b,["setRenderer",this,d,c])}else{this.config.menuSettings.renderer=d;if(c==null){c="jax/mml"}var a=this.outputJax;if(a[c]&&a[c].length){if(d!==a[c][0].id){a[c].unshift(MathJax.OutputJax[d]);return this.signal.Post(["Renderer Selected",d])}}return null}},Queue:function(){return this.queue.Push.apply(this.queue,arguments)},Typeset:function(e,f){if(!MathJax.isReady){return null}var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["PreProcess",this,c.elements[d]],["Process",this,c.elements[d]])}}return b.Push(c.callback)},PreProcess:function(e,f){var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["Post",this.signal,["Begin PreProcess",c.elements[d]]],(arguments.callee.disabled?{}:["Execute",this.preProcessors,c.elements[d]]),["Post",this.signal,["End PreProcess",c.elements[d]]])}}return b.Push(c.callback)},Process:function(a,b){return this.takeAction("Process",a,b)},Update:function(a,b){return this.takeAction("Update",a,b)},Reprocess:function(a,b){return this.takeAction("Reprocess",a,b)},Rerender:function(a,b){return this.takeAction("Rerender",a,b)},takeAction:function(g,e,h){var c=this.elementCallback(e,h);var b=MathJax.Callback.Queue(["Clear",this.signal]);for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){var f={scripts:[],start:new Date().getTime(),i:0,j:0,jax:{},jaxIDs:[]};b.Push(["Post",this.signal,["Begin "+g,c.elements[d]]],["Post",this.signal,["Begin Math",c.elements[d],g]],["prepareScripts",this,g,c.elements[d],f],["Post",this.signal,["Begin Math Input",c.elements[d],g]],["processInput",this,f],["Post",this.signal,["End Math Input",c.elements[d],g]],["prepareOutput",this,f,"preProcess"],["Post",this.signal,["Begin Math Output",c.elements[d],g]],["processOutput",this,f],["Post",this.signal,["End Math Output",c.elements[d],g]],["prepareOutput",this,f,"postProcess"],["Post",this.signal,["End Math",c.elements[d],g]],["Post",this.signal,["End "+g,c.elements[d]]])}}return b.Push(c.callback)},scriptAction:{Process:function(a){},Update:function(b){var a=b.MathJax.elementJax;if(a&&a.needsUpdate()){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}else{b.MathJax.state=a.STATE.PROCESSED}},Reprocess:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}},Rerender:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.OUTPUT}}},prepareScripts:function(h,e,g){if(arguments.callee.disabled){return}var b=this.elementScripts(e);var f=MathJax.ElementJax.STATE;for(var d=0,a=b.length;d<a;d++){var c=b[d];if(c.type&&this.inputJax[c.type.replace(/ *;(.|\n)*/,"")]){if(c.MathJax){if(c.MathJax.elementJax&&c.MathJax.elementJax.hover){MathJax.Extension.MathEvents.Hover.ClearHover(c.MathJax.elementJax)}if(c.MathJax.state!==f.PENDING){this.scriptAction[h](c)}}if(!c.MathJax){c.MathJax={state:f.PENDING}}if(c.MathJax.state!==f.PROCESSED){g.scripts.push(c)}}}},checkScriptSiblings:function(a){if(a.MathJax.checked){return}var b=this.config,f=a.previousSibling;if(f&&f.nodeName==="#text"){var d,e,c=a.nextSibling;if(c&&c.nodeName!=="#text"){c=null}if(b.preJax){if(typeof(b.preJax)==="string"){b.preJax=new RegExp(b.preJax+"$")}d=f.nodeValue.match(b.preJax)}if(b.postJax&&c){if(typeof(b.postJax)==="string"){b.postJax=new RegExp("^"+b.postJax)}e=c.nodeValue.match(b.postJax)}if(d&&(!b.postJax||e)){f.nodeValue=f.nodeValue.replace(b.preJax,(d.length>1?d[1]:""));f=null}if(e&&(!b.preJax||d)){c.nodeValue=c.nodeValue.replace(b.postJax,(e.length>1?e[1]:""))}if(f&&!f.nodeValue.match(/\S/)){f=f.previousSibling}}if(b.preRemoveClass&&f&&f.className===b.preRemoveClass){a.MathJax.preview=f}a.MathJax.checked=1},processInput:function(a){var b,i=MathJax.ElementJax.STATE;var h,e,d=a.scripts.length;try{while(a.i<d){h=a.scripts[a.i];if(!h){a.i++;continue}e=h.previousSibling;if(e&&e.className==="MathJax_Error"){e.parentNode.removeChild(e)}if(!h.MathJax||h.MathJax.state===i.PROCESSED){a.i++;continue}if(!h.MathJax.elementJax||h.MathJax.state===i.UPDATE){this.checkScriptSiblings(h);var g=h.type.replace(/ *;(.|\s)*/,"");b=this.inputJax[g].Process(h,a);if(typeof b==="function"){if(b.called){continue}this.RestartAfter(b)}b.Attach(h,this.inputJax[g].id);this.saveScript(b,a,h,i)}else{if(h.MathJax.state===i.OUTPUT){this.saveScript(h.MathJax.elementJax,a,h,i)}}a.i++;var c=new Date().getTime();if(c-a.start>this.processUpdateTime&&a.i<a.scripts.length){a.start=c;this.RestartAfter(MathJax.Callback.Delay(1))}}}catch(f){return this.processError(f,a,"Input")}if(a.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Processing math: 100%",0)}a.start=new Date().getTime();a.i=a.j=0;return null},saveScript:function(a,d,b,c){if(!this.outputJax[a.mimeType]){b.MathJax.state=c.UPDATE;throw Error("No output jax registered for "+a.mimeType)}a.outputJax=this.outputJax[a.mimeType][0].id;if(!d.jax[a.outputJax]){if(d.jaxIDs.length===0){d.jax[a.outputJax]=d.scripts}else{if(d.jaxIDs.length===1){d.jax[d.jaxIDs[0]]=d.scripts.slice(0,d.i)}d.jax[a.outputJax]=[]}d.jaxIDs.push(a.outputJax)}if(d.jaxIDs.length>1){d.jax[a.outputJax].push(b)}b.MathJax.state=c.OUTPUT},prepareOutput:function(c,f){while(c.j<c.jaxIDs.length){var e=c.jaxIDs[c.j],d=MathJax.OutputJax[e];if(d[f]){try{var a=d[f](c);if(typeof a==="function"){if(a.called){continue}this.RestartAfter(a)}}catch(b){if(!b.restart){MathJax.Message.Set("Error preparing "+e+" output ("+f+")",null,600);MathJax.Hub.lastPrepError=b;c.j++}return MathJax.Callback.After(["prepareOutput",this,c,f],b.restart)}}c.j++}return null},processOutput:function(h){var b,g=MathJax.ElementJax.STATE,d,a=h.scripts.length;try{while(h.i<a){d=h.scripts[h.i];if(!d||!d.MathJax){h.i++;continue}var c=d.MathJax.elementJax;if(!c){h.i++;continue}b=MathJax.OutputJax[c.outputJax].Process(d,h);d.MathJax.state=g.PROCESSED;h.i++;if(d.MathJax.preview){d.MathJax.preview.innerHTML=""}this.signal.Post(["New Math",c.inputID]);var e=new Date().getTime();if(e-h.start>this.processUpdateTime&&h.i<h.scripts.length){h.start=e;this.RestartAfter(MathJax.Callback.Delay(this.processUpdateDelay))}}}catch(f){return this.processError(f,h,"Output")}if(h.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Typesetting math: 100%",0);MathJax.Message.Clear(0)}h.i=h.j=0;return null},processMessage:function(d,b){var a=Math.floor(d.i/(d.scripts.length)*100);var c=(b==="Output"?"Typesetting":"Processing");if(this.config.showProcessingMessages){MathJax.Message.Set(c+" math: "+a+"%",0)}},processError:function(b,c,a){if(!b.restart){if(!this.config.errorSettings.message){throw b}this.formatError(c.scripts[c.i],b);c.i++}this.processMessage(c,a);return MathJax.Callback.After(["process"+a,this,c],b.restart)},formatError:function(a,c){var b=MathJax.HTML.Element("span",{className:"MathJax_Error"},this.config.errorSettings.message);b.jaxID="Error";if(MathJax.Extension.MathEvents){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown}else{MathJax.Ajax.Require("[MathJax]/extensions/MathEvents.js",function(){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown})}a.parentNode.insertBefore(b,a);if(a.MathJax.preview){a.MathJax.preview.innerHTML=""}this.lastError=c;this.signal.Post(["Math Processing Error",a,c])},RestartAfter:function(a){throw this.Insert(Error("restart"),{restart:MathJax.Callback(a)})},elementCallback:function(c,f){if(f==null&&(c instanceof Array||typeof c==="function")){try{MathJax.Callback(c);f=c;c=null}catch(d){}}if(c==null){c=this.config.elements||[]}if(!(c instanceof Array)){c=[c]}c=[].concat(c);for(var b=0,a=c.length;b<a;b++){if(typeof(c[b])==="string"){c[b]=document.getElementById(c[b])}}if(c.length==0){c.push(document.body)}if(!f){f={}}return{elements:c,callback:f}},elementScripts:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a==null){a=document.body}if(a.tagName!=null&&a.tagName.toLowerCase()==="script"){return[a]}return a.getElementsByTagName("script")},Insert:function(c,a){for(var b in a){if(a.hasOwnProperty(b)){if(typeof a[b]==="object"&&!(a[b] instanceof Array)&&(typeof c[b]==="object"||typeof c[b]==="function")){this.Insert(c[b],a[b])}else{c[b]=a[b]}}}return c}};MathJax.Hub.Insert(MathJax.Hub.config.styles,MathJax.Message.styles);MathJax.Hub.Insert(MathJax.Hub.config.styles,{".MathJax_Error":MathJax.Hub.config.errorSettings.style});MathJax.Extension={};MathJax.Hub.Configured=MathJax.Callback({});MathJax.Hub.Startup={script:"",queue:MathJax.Callback.Queue(),signal:MathJax.Callback.Signal("Startup"),params:{},Config:function(){this.queue.Push(["Post",this.signal,"Begin Config"]);var b=MathJax.HTML.Cookie.Get("user");if(b.URL||b.Config){if(confirm("MathJax has found a user-configuration cookie that includes code to be run.  Do you want to run it?\n\n(You should press Cancel unless you set up the cookie yourself.)")){if(b.URL){this.queue.Push(["Require",MathJax.Ajax,b.URL])}if(b.Config){this.queue.Push(new Function(b.Config))}}else{MathJax.HTML.Cookie.Set("user",{})}}if(this.params.config){var d=this.params.config.split(/,/);for(var c=0,a=d.length;c<a;c++){if(!d[c].match(/\.js$/)){d[c]+=".js"}this.queue.Push(["Require",MathJax.Ajax,this.URL("config",d[c])])}}if(this.script.match(/\S/)){this.queue.Push(this.script+";\n1;")}this.queue.Push(["ConfigDelay",this],["ConfigBlocks",this],["ConfigDefault",this],[function(e){return e.loadArray(MathJax.Hub.config.config,"config",null,true)},this],["Post",this.signal,"End Config"])},ConfigDelay:function(){var a=this.params.delayStartupUntil||MathJax.Hub.config.delayStartupUntil;if(a==="onload"){return this.onload}if(a==="configured"){return MathJax.Hub.Configured}return a},ConfigBlocks:function(){var c=document.getElementsByTagName("script");var f=null,b=MathJax.Callback.Queue();for(var d=0,a=c.length;d<a;d++){var e=String(c[d].type).replace(/ /g,"");if(e.match(/^text\/x-mathjax-config(;.*)?$/)&&!e.match(/;executed=true/)){c[d].type+=";executed=true";f=b.Push(c[d].innerHTML+";\n1;")}}return f},ConfigDefault:function(){var a=MathJax.Hub.config;if(a["v1.0-compatible"]&&(a.jax||[]).length===0&&!this.params.config&&(a.config||[]).length===0){return MathJax.Ajax.Require(this.URL("extensions","v1.0-warning.js"))}},Cookie:function(){return this.queue.Push(["Post",this.signal,"Begin Cookie"],["Get",MathJax.HTML.Cookie,"menu",MathJax.Hub.config.menuSettings],[function(d){var f=d.menuSettings.renderer,b=d.jax;if(f){var c="output/"+f;b.sort();for(var e=0,a=b.length;e<a;e++){if(b[e].substr(0,7)==="output/"){break}}if(e==a-1){b.pop()}else{while(e<a){if(b[e]===c){b.splice(e,1);break}e++}}b.unshift(c)}},MathJax.Hub.config],["Post",this.signal,"End Cookie"])},Styles:function(){return this.queue.Push(["Post",this.signal,"Begin Styles"],["loadArray",this,MathJax.Hub.config.styleSheets,"config"],["Styles",MathJax.Ajax,MathJax.Hub.config.styles],["Post",this.signal,"End Styles"])},Jax:function(){var f=MathJax.Hub.config,c=MathJax.Hub.outputJax;for(var g=0,b=f.jax.length,d=0;g<b;g++){var e=f.jax[g].substr(7);if(f.jax[g].substr(0,7)==="output/"&&c.order[e]==null){c.order[e]=d;d++}}var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Jax"],["loadArray",this,f.jax,"jax","config.js"],["Post",this.signal,"End Jax"])},Extensions:function(){var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Extensions"],["loadArray",this,MathJax.Hub.config.extensions,"extensions"],["Post",this.signal,"End Extensions"])},Message:function(){MathJax.Message.Init(true)},Menu:function(){var b=MathJax.Hub.config.menuSettings,a=MathJax.Hub.outputJax,d;for(var c in a){if(a.hasOwnProperty(c)){if(a[c].length){d=a[c];break}}}if(d&&d.length){if(b.renderer&&b.renderer!==d[0].id){d.unshift(MathJax.OutputJax[b.renderer])}b.renderer=d[0].id}},Hash:function(){if(MathJax.Hub.config.positionToHash&&document.location.hash&&document.body&&document.body.scrollIntoView){var d=document.location.hash.substr(1);var f=document.getElementById(d);if(!f){var c=document.getElementsByTagName("a");for(var e=0,b=c.length;e<b;e++){if(c[e].name===d){f=c[e];break}}}if(f){while(!f.scrollIntoView){f=f.parentNode}f=this.HashCheck(f);if(f&&f.scrollIntoView){setTimeout(function(){f.scrollIntoView(true)},1)}}}},HashCheck:function(b){if(b.isMathJax){var a=MathJax.Hub.getJaxFor(b);if(a&&MathJax.OutputJax[a.outputJax].hashCheck){b=MathJax.OutputJax[a.outputJax].hashCheck(b)}}return b},MenuZoom:function(){if(!MathJax.Extension.MathMenu){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathMenu.js",{}]),1000)}if(!MathJax.Extension.MathZoom){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathZoom.js",{}]),2000)}},onLoad:function(){var a=this.onload=MathJax.Callback(function(){MathJax.Hub.Startup.signal.Post("onLoad")});if(document.body&&document.readyState){if(MathJax.Hub.Browser.isMSIE){if(document.readyState==="complete"){return[a]}}else{if(document.readyState!=="loading"){return[a]}}}if(window.addEventListener){window.addEventListener("load",a,false);if(!this.params.noDOMContentEvent){window.addEventListener("DOMContentLoaded",a,false)}}else{if(window.attachEvent){window.attachEvent("onload",a)}else{window.onload=a}}return a},Typeset:function(a,b){if(MathJax.Hub.config.skipStartupTypeset){return function(){}}return this.queue.Push(["Post",this.signal,"Begin Typeset"],["Typeset",MathJax.Hub,a,b],["Post",this.signal,"End Typeset"])},URL:function(b,a){if(!a.match(/^([a-z]+:\/\/|\[|\/)/)){a="[MathJax]/"+b+"/"+a}return a},loadArray:function(b,f,c,a){if(b){if(!(b instanceof Array)){b=[b]}if(b.length){var h=MathJax.Callback.Queue(),j={},e;for(var g=0,d=b.length;g<d;g++){e=this.URL(f,b[g]);if(c){e+="/"+c}if(a){h.Push(["Require",MathJax.Ajax,e,j])}else{h.Push(MathJax.Ajax.Require(e,j))}}return h.Push({})}}return null}};(function(d){var b=window[d],e="["+d+"]";var c=b.Hub,a=b.Ajax,f=b.Callback;var g=MathJax.Object.Subclass({JAXFILE:"jax.js",require:null,config:{},Init:function(i,h){if(arguments.length===0){return this}return(this.constructor.Subclass(i,h))()},Augment:function(k,j){var i=this.constructor,h={};if(k!=null){for(var l in k){if(k.hasOwnProperty(l)){if(typeof k[l]==="function"){i.protoFunction(l,k[l])}else{h[l]=k[l]}}}if(k.toString!==i.prototype.toString&&k.toString!=={}.toString){i.protoFunction("toString",k.toString)}}c.Insert(i.prototype,h);i.Augment(null,j);return this},Translate:function(h,i){throw Error(this.directory+"/"+this.JAXFILE+" failed to define the Translate() method")},Register:function(h){},Config:function(){this.config=c.CombineConfig(this.id,this.config);if(this.config.Augment){this.Augment(this.config.Augment)}},Startup:function(){},loadComplete:function(i){if(i==="config.js"){return a.loadComplete(this.directory+"/"+i)}else{var h=f.Queue();h.Push(c.Register.StartupHook("End Config",{}),["Post",c.Startup.signal,this.id+" Jax Config"],["Config",this],["Post",c.Startup.signal,this.id+" Jax Require"],[function(j){return MathJax.Hub.Startup.loadArray(j.require,this.directory)},this],[function(j,k){return MathJax.Hub.Startup.loadArray(j.extensions,"extensions/"+k)},this.config||{},this.id],["Post",c.Startup.signal,this.id+" Jax Startup"],["Startup",this],["Post",c.Startup.signal,this.id+" Jax Ready"]);if(this.copyTranslate){h.Push([function(j){j.preProcess=j.preTranslate;j.Process=j.Translate;j.postProcess=j.postTranslate},this.constructor.prototype])}return h.Push(["loadComplete",a,this.directory+"/"+i])}}},{id:"Jax",version:"2.1",directory:e+"/jax",extensionDir:e+"/extensions"});b.InputJax=g.Subclass({elementJax:"mml",copyTranslate:true,Process:function(l,q){var j=f.Queue(),o;var k=this.elementJax;if(!(k instanceof Array)){k=[k]}for(var n=0,h=k.length;n<h;n++){o=b.ElementJax.directory+"/"+k[n]+"/"+this.JAXFILE;if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(o);j.Push(a.Require(o))}o=this.directory+"/"+this.JAXFILE;var p=j.Push(a.Require(o));if(!p.called){this.constructor.prototype.Process=function(){if(!p.called){return p}throw Error(o+" failed to load properly")}}k=c.outputJax["jax/"+k[0]];if(k){j.Push(a.Require(k[0].directory+"/"+this.JAXFILE))}return j.Push({})},needsUpdate:function(h){var i=h.SourceElement();return(h.originalText!==b.HTML.getScript(i))},Register:function(h){if(!c.inputJax){c.inputJax={}}c.inputJax[h]=this}},{id:"InputJax",version:"2.1",directory:g.directory+"/input",extensionDir:g.extensionDir});b.OutputJax=g.Subclass({copyTranslate:true,preProcess:function(j){var i,h=this.directory+"/"+this.JAXFILE;this.constructor.prototype.preProcess=function(k){if(!i.called){return i}throw Error(h+" failed to load properly")};i=a.Require(h);return i},Register:function(i){var h=c.outputJax;if(!h[i]){h[i]=[]}if(h[i].length&&(this.id===c.config.menuSettings.renderer||(h.order[this.id]||0)<(h.order[h[i][0].id]||0))){h[i].unshift(this)}else{h[i].push(this)}if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(b.ElementJax.directory+"/"+(i.split(/\//)[1])+"/"+this.JAXFILE)},Remove:function(h){}},{id:"OutputJax",version:"2.1",directory:g.directory+"/output",extensionDir:g.extensionDir,fontDir:e+(b.isPacked?"":"/..")+"/fonts",imageDir:e+(b.isPacked?"":"/..")+"/images"});b.ElementJax=g.Subclass({Init:function(i,h){return this.constructor.Subclass(i,h)},inputJax:null,outputJax:null,inputID:null,originalText:"",mimeType:"",Text:function(i,j){var h=this.SourceElement();b.HTML.setScript(h,i);h.MathJax.state=this.STATE.UPDATE;return c.Update(h,j)},Reprocess:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.UPDATE;return c.Reprocess(h,i)},Update:function(h){return this.Rerender(h)},Rerender:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.OUTPUT;return c.Process(h,i)},Remove:function(h){if(this.hover){this.hover.clear(this)}b.OutputJax[this.outputJax].Remove(this);if(!h){c.signal.Post(["Remove Math",this.inputID]);this.Detach()}},needsUpdate:function(){return b.InputJax[this.inputJax].needsUpdate(this)},SourceElement:function(){return document.getElementById(this.inputID)},Attach:function(i,j){var h=i.MathJax.elementJax;if(i.MathJax.state===this.STATE.UPDATE){h.Clone(this)}else{h=i.MathJax.elementJax=this;if(i.id){this.inputID=i.id}else{i.id=this.inputID=b.ElementJax.GetID();this.newID=1}}h.originalText=b.HTML.getScript(i);h.inputJax=j;if(h.root){h.root.inputID=h.inputID}return h},Detach:function(){var h=this.SourceElement();if(!h){return}try{delete h.MathJax}catch(i){h.MathJax=null}if(this.newID){h.id=""}},Clone:function(h){var i;for(i in this){if(!this.hasOwnProperty(i)){continue}if(typeof(h[i])==="undefined"&&i!=="newID"){delete this[i]}}for(i in h){if(!h.hasOwnProperty(i)){continue}if(typeof(this[i])==="undefined"||(this[i]!==h[i]&&i!=="inputID")){this[i]=h[i]}}}},{id:"ElementJax",version:"2.1",directory:g.directory+"/element",extensionDir:g.extensionDir,ID:0,STATE:{PENDING:1,PROCESSED:2,UPDATE:3,OUTPUT:4},GetID:function(){this.ID++;return"MathJax-Element-"+this.ID},Subclass:function(){var h=g.Subclass.apply(this,arguments);h.loadComplete=this.prototype.loadComplete;return h}});b.ElementJax.prototype.STATE=b.ElementJax.STATE;b.OutputJax.Error={id:"Error",version:"2.1",config:{},ContextMenu:function(){return b.Extension.MathEvents.Event.ContextMenu.apply(b.Extension.MathEvents.Event,arguments)},Mousedown:function(){return b.Extension.MathEvents.Event.AltContextMenu.apply(b.Extension.MathEvents.Event,arguments)},getJaxFromMath:function(){return{inputJax:"Error",outputJax:"Error",originalText:"Math Processing Error"}}};b.InputJax.Error={id:"Error",version:"2.1",config:{},sourceMenuTitle:"Error Message"}})("MathJax");(function(l){var f=window[l];if(!f){f=window[l]={}}var c=f.Hub;var q=c.Startup;var u=c.config;var e=document.getElementsByTagName("head")[0];if(!e){e=document.childNodes[0]}var b=(document.documentElement||document).getElementsByTagName("script");var d=new RegExp("(^|/)"+l+"\\.js(\\?.*)?$");for(var o=b.length-1;o>=0;o--){if((b[o].src||"").match(d)){q.script=b[o].innerHTML;if(RegExp.$2){var r=RegExp.$2.substr(1).split(/\&/);for(var n=0,h=r.length;n<h;n++){var k=r[n].match(/(.*)=(.*)/);if(k){q.params[unescape(k[1])]=unescape(k[2])}}}u.root=b[o].src.replace(/(^|\/)[^\/]*(\?.*)?$/,"");break}}f.Ajax.config=u;var a={isMac:(navigator.platform.substr(0,3)==="Mac"),isPC:(navigator.platform.substr(0,3)==="Win"),isMSIE:(window.ActiveXObject!=null&&window.clipboardData!=null),isFirefox:((window.netscape!=null||window.mozPaintCount!=null)&&document.ATTRIBUTE_NODE!=null&&!window.opera),isSafari:(navigator.userAgent.match(/ (Apple)?WebKit\//)!=null&&(!window.chrome||window.chrome.loadTimes==null)),isChrome:(window.chrome!=null&&window.chrome.loadTimes!=null),isOpera:(window.opera!=null&&window.opera.version!=null),isKonqueror:(window.hasOwnProperty&&window.hasOwnProperty("konqueror")&&navigator.vendor=="KDE"),versionAtLeast:function(x){var w=(this.version).split(".");x=(new String(x)).split(".");for(var y=0,j=x.length;y<j;y++){if(w[y]!=x[y]){return parseInt(w[y]||"0")>=parseInt(x[y])}}return true},Select:function(j){var i=j[c.Browser];if(i){return i(c.Browser)}return null}};var g=navigator.userAgent.replace(/^Mozilla\/(\d+\.)+\d+ /,"").replace(/[a-z][-a-z0-9._: ]+\/\d+[^ ]*-[^ ]*\.([a-z][a-z])?\d+ /i,"").replace(/Gentoo |Ubuntu\/(\d+\.)*\d+ (\([^)]*\) )?/,"");c.Browser=c.Insert(c.Insert(new String("Unknown"),{version:"0.0"}),a);for(var t in a){if(a.hasOwnProperty(t)){if(a[t]&&t.substr(0,2)==="is"){t=t.slice(2);if(t==="Mac"||t==="PC"){continue}c.Browser=c.Insert(new String(t),a);var p=new RegExp(".*(Version)/((?:\\d+\\.)+\\d+)|.*("+t+")"+(t=="MSIE"?" ":"/")+"((?:\\d+\\.)*\\d+)|(?:^|\\(| )([a-z][-a-z0-9._: ]+|(?:Apple)?WebKit)/((?:\\d+\\.)+\\d+)");var s=p.exec(g)||["","","","unknown","0.0"];c.Browser.name=(s[1]=="Version"?t:(s[3]||s[5]));c.Browser.version=s[2]||s[4]||s[6];break}}}c.Browser.Select({Safari:function(j){var i=parseInt((String(j.version).split("."))[0]);if(i>85){j.webkit=j.version}if(i>=534){j.version="5.1"}else{if(i>=533){j.version="5.0"}else{if(i>=526){j.version="4.0"}else{if(i>=525){j.version="3.1"}else{if(i>500){j.version="3.0"}else{if(i>400){j.version="2.0"}else{if(i>85){j.version="1.0"}}}}}}}j.isMobile=(navigator.appVersion.match(/Mobile/i)!=null);j.noContextMenu=j.isMobile},Firefox:function(j){if((j.version==="0.0"||navigator.userAgent.match(/Firefox/)==null)&&navigator.product==="Gecko"){var m=navigator.userAgent.match(/[\/ ]rv:(\d+\.\d.*?)[\) ]/);if(m){j.version=m[1]}else{var i=(navigator.buildID||navigator.productSub||"0").substr(0,8);if(i>="20111220"){j.version="9.0"}else{if(i>="20111120"){j.version="8.0"}else{if(i>="20110927"){j.version="7.0"}else{if(i>="20110816"){j.version="6.0"}else{if(i>="20110621"){j.version="5.0"}else{if(i>="20110320"){j.version="4.0"}else{if(i>="20100121"){j.version="3.6"}else{if(i>="20090630"){j.version="3.5"}else{if(i>="20080617"){j.version="3.0"}else{if(i>="20061024"){j.version="2.0"}}}}}}}}}}}}j.isMobile=(navigator.appVersion.match(/Android/i)!=null||navigator.userAgent.match(/ Fennec\//)!=null)},Opera:function(i){i.version=opera.version()},MSIE:function(j){j.isIE9=!!(document.documentMode&&(window.performance||window.msPerformance));MathJax.HTML.setScriptBug=!j.isIE9||document.documentMode<9;var v=false;try{new ActiveXObject("MathPlayer.Factory.1");j.hasMathPlayer=v=true}catch(m){}try{if(v&&!q.params.NoMathPlayer){var i=document.createElement("object");i.id="mathplayer";i.classid="clsid:32F66A20-7614-11D4-BD11-00104BD3F987";document.getElementsByTagName("head")[0].appendChild(i);document.namespaces.add("m","http://www.w3.org/1998/Math/MathML");j.mpNamespace=true;if(document.readyState&&(document.readyState==="loading"||document.readyState==="interactive")){document.write('<?import namespace="m" implementation="#MathPlayer">');j.mpImported=true}}else{document.namespaces.add("mjx_IE_fix","http://www.w3.org/1999/xlink")}}catch(m){}}});c.Browser.Select(MathJax.Message.browsers);c.queue=f.Callback.Queue();c.queue.Push(["Post",q.signal,"Begin"],["Config",q],["Cookie",q],["Styles",q],["Message",q],function(){var i=f.Callback.Queue(q.Jax(),q.Extensions());return i.Push({})},["Menu",q],q.onLoad(),function(){MathJax.isReady=true},["Typeset",q],["Hash",q],["MenuZoom",q],["Post",q.signal,"End"])})("MathJax")}};
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;

if(document.getElementById&&document.childNodes&&document.createElement){if(!window.MathJax){window.MathJax={}}if(!MathJax.Hub){MathJax.version="2.1";MathJax.fileversion="2.1";(function(d){var b=window[d];if(!b){b=window[d]={}}var f=[];var c=function(g){var h=g.constructor;if(!h){h=new Function("")}for(var i in g){if(i!=="constructor"&&g.hasOwnProperty(i)){h[i]=g[i]}}return h};var a=function(){return new Function("return arguments.callee.Init.call(this,arguments)")};var e=a();e.prototype={bug_test:1};if(!e.prototype.bug_test){a=function(){return function(){return arguments.callee.Init.call(this,arguments)}}}b.Object=c({constructor:a(),Subclass:function(g,i){var h=a();h.SUPER=this;h.Init=this.Init;h.Subclass=this.Subclass;h.Augment=this.Augment;h.protoFunction=this.protoFunction;h.can=this.can;h.has=this.has;h.isa=this.isa;h.prototype=new this(f);h.prototype.constructor=h;h.Augment(g,i);return h},Init:function(g){var h=this;if(g.length===1&&g[0]===f){return h}if(!(h instanceof g.callee)){h=new g.callee(f)}return h.Init.apply(h,g)||h},Augment:function(g,h){var i;if(g!=null){for(i in g){if(g.hasOwnProperty(i)){this.protoFunction(i,g[i])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){this.protoFunction("toString",g.toString)}}if(h!=null){for(i in h){if(h.hasOwnProperty(i)){this[i]=h[i]}}}return this},protoFunction:function(h,g){this.prototype[h]=g;if(typeof g==="function"){g.SUPER=this.SUPER.prototype}},prototype:{Init:function(){},SUPER:function(g){return g.callee.SUPER},can:function(g){return typeof(this[g])==="function"},has:function(g){return typeof(this[g])!=="undefined"},isa:function(g){return(g instanceof Object)&&(this instanceof g)}},can:function(g){return this.prototype.can.call(this,g)},has:function(g){return this.prototype.has.call(this,g)},isa:function(h){var g=this;while(g){if(g===h){return true}else{g=g.SUPER}}return false},SimpleSUPER:c({constructor:function(g){return this.SimpleSUPER.define(g)},define:function(g){var i={};if(g!=null){for(var h in g){if(g.hasOwnProperty(h)){i[h]=this.wrap(h,g[h])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){i.toString=this.wrap("toString",g.toString)}}return i},wrap:function(i,h){if(typeof(h)==="function"&&h.toString().match(/\.\s*SUPER\s*\(/)){var g=new Function(this.wrapper);g.label=i;g.original=h;h=g;g.toString=this.stringify}return h},wrapper:function(){var h=arguments.callee;this.SUPER=h.SUPER[h.label];try{var g=h.original.apply(this,arguments)}catch(i){delete this.SUPER;throw i}delete this.SUPER;return g}.toString().replace(/^\s*function\s*\(\)\s*\{\s*/i,"").replace(/\s*\}\s*$/i,""),toString:function(){return this.original.toString.apply(this.original,arguments)}})})})("MathJax");(function(BASENAME){var BASE=window[BASENAME];if(!BASE){BASE=window[BASENAME]={}}var CALLBACK=function(data){var cb=new Function("return arguments.callee.execute.apply(arguments.callee,arguments)");for(var id in CALLBACK.prototype){if(CALLBACK.prototype.hasOwnProperty(id)){if(typeof(data[id])!=="undefined"){cb[id]=data[id]}else{cb[id]=CALLBACK.prototype[id]}}}cb.toString=CALLBACK.prototype.toString;return cb};CALLBACK.prototype={isCallback:true,hook:function(){},data:[],object:window,execute:function(){if(!this.called||this.autoReset){this.called=!this.autoReset;return this.hook.apply(this.object,this.data.concat([].slice.call(arguments,0)))}},reset:function(){delete this.called},toString:function(){return this.hook.toString.apply(this.hook,arguments)}};var ISCALLBACK=function(f){return(typeof(f)==="function"&&f.isCallback)};var EVAL=function(code){return eval.call(window,code)};EVAL("var __TeSt_VaR__ = 1");if(window.__TeSt_VaR__){try{delete window.__TeSt_VaR__}catch(error){window.__TeSt_VaR__=null}}else{if(window.execScript){EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";window.execScript(code);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}else{EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";var head=(document.getElementsByTagName("head"))[0];if(!head){head=document.body}var script=document.createElement("script");script.appendChild(document.createTextNode(code));head.appendChild(script);head.removeChild(script);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}}var USING=function(args,i){if(arguments.length>1){if(arguments.length===2&&!(typeof arguments[0]==="function")&&arguments[0] instanceof Object&&typeof arguments[1]==="number"){args=[].slice.call(args,i)}else{args=[].slice.call(arguments,0)}}if(args instanceof Array&&args.length===1){args=args[0]}if(typeof args==="function"){if(args.execute===CALLBACK.prototype.execute){return args}return CALLBACK({hook:args})}else{if(args instanceof Array){if(typeof(args[0])==="string"&&args[1] instanceof Object&&typeof args[1][args[0]]==="function"){return CALLBACK({hook:args[1][args[0]],object:args[1],data:args.slice(2)})}else{if(typeof args[0]==="function"){return CALLBACK({hook:args[0],data:args.slice(1)})}else{if(typeof args[1]==="function"){return CALLBACK({hook:args[1],object:args[0],data:args.slice(2)})}}}}else{if(typeof(args)==="string"){return CALLBACK({hook:EVAL,data:[args]})}else{if(args instanceof Object){return CALLBACK(args)}else{if(typeof(args)==="undefined"){return CALLBACK({})}}}}}throw Error("Can't make callback from given data")};var DELAY=function(time,callback){callback=USING(callback);callback.timeout=setTimeout(callback,time);return callback};var WAITFOR=function(callback,signal){callback=USING(callback);if(!callback.called){WAITSIGNAL(callback,signal);signal.pending++}};var WAITEXECUTE=function(){var signals=this.signal;delete this.signal;this.execute=this.oldExecute;delete this.oldExecute;var result=this.execute.apply(this,arguments);if(ISCALLBACK(result)&&!result.called){WAITSIGNAL(result,signals)}else{for(var i=0,m=signals.length;i<m;i++){signals[i].pending--;if(signals[i].pending<=0){signals[i].call()}}}};var WAITSIGNAL=function(callback,signals){if(!(signals instanceof Array)){signals=[signals]}if(!callback.signal){callback.oldExecute=callback.execute;callback.execute=WAITEXECUTE;callback.signal=signals}else{if(signals.length===1){callback.signal.push(signals[0])}else{callback.signal=callback.signal.concat(signals)}}};var AFTER=function(callback){callback=USING(callback);callback.pending=0;for(var i=1,m=arguments.length;i<m;i++){if(arguments[i]){WAITFOR(arguments[i],callback)}}if(callback.pending===0){var result=callback();if(ISCALLBACK(result)){callback=result}}return callback};var HOOKS=MathJax.Object.Subclass({Init:function(reset){this.hooks=[];this.reset=reset},Add:function(hook,priority){if(priority==null){priority=10}if(!ISCALLBACK(hook)){hook=USING(hook)}hook.priority=priority;var i=this.hooks.length;while(i>0&&priority<this.hooks[i-1].priority){i--}this.hooks.splice(i,0,hook);return hook},Remove:function(hook){for(var i=0,m=this.hooks.length;i<m;i++){if(this.hooks[i]===hook){this.hooks.splice(i,1);return}}},Execute:function(){var callbacks=[{}];for(var i=0,m=this.hooks.length;i<m;i++){if(this.reset){this.hooks[i].reset()}var result=this.hooks[i].apply(window,arguments);if(ISCALLBACK(result)&&!result.called){callbacks.push(result)}}if(callbacks.length===1){return null}if(callbacks.length===2){return callbacks[1]}return AFTER.apply({},callbacks)}});var EXECUTEHOOKS=function(hooks,data,reset){if(!hooks){return null}if(!(hooks instanceof Array)){hooks=[hooks]}if(!(data instanceof Array)){data=(data==null?[]:[data])}var handler=HOOKS(reset);for(var i=0,m=hooks.length;i<m;i++){handler.Add(hooks[i])}return handler.Execute.apply(handler,data)};var QUEUE=BASE.Object.Subclass({Init:function(){this.pending=0;this.running=0;this.queue=[];this.Push.apply(this,arguments)},Push:function(){var callback;for(var i=0,m=arguments.length;i<m;i++){callback=USING(arguments[i]);if(callback===arguments[i]&&!callback.called){callback=USING(["wait",this,callback])}this.queue.push(callback)}if(!this.running&&!this.pending){this.Process()}return callback},Process:function(queue){while(!this.running&&!this.pending&&this.queue.length){var callback=this.queue[0];queue=this.queue.slice(1);this.queue=[];this.Suspend();var result=callback();this.Resume();if(queue.length){this.queue=queue.concat(this.queue)}if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}}},Suspend:function(){this.running++},Resume:function(){if(this.running){this.running--}},call:function(){this.Process.apply(this,arguments)},wait:function(callback){return callback}});var SIGNAL=QUEUE.Subclass({Init:function(name){QUEUE.prototype.Init.call(this);this.name=name;this.posted=[];this.listeners=HOOKS(true)},Post:function(message,callback,forget){callback=USING(callback);if(this.posting||this.pending){this.Push(["Post",this,message,callback,forget])}else{this.callback=callback;callback.reset();if(!forget){this.posted.push(message)}this.Suspend();this.posting=true;var result=this.listeners.Execute(message);if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}this.Resume();delete this.posting;if(!this.pending){this.call()}}return callback},Clear:function(callback){callback=USING(callback);if(this.posting||this.pending){callback=this.Push(["Clear",this,callback])}else{this.posted=[];callback()}return callback},call:function(){this.callback(this);this.Process()},Interest:function(callback,ignorePast,priority){callback=USING(callback);this.listeners.Add(callback,priority);if(!ignorePast){for(var i=0,m=this.posted.length;i<m;i++){callback.reset();var result=callback(this.posted[i]);if(ISCALLBACK(result)&&i===this.posted.length-1){WAITFOR(result,this)}}}return callback},NoInterest:function(callback){this.listeners.Remove(callback)},MessageHook:function(msg,callback,priority){callback=USING(callback);if(!this.hooks){this.hooks={};this.Interest(["ExecuteHooks",this])}if(!this.hooks[msg]){this.hooks[msg]=HOOKS(true)}this.hooks[msg].Add(callback,priority);for(var i=0,m=this.posted.length;i<m;i++){if(this.posted[i]==msg){callback.reset();callback(this.posted[i])}}return callback},ExecuteHooks:function(msg,more){var type=((msg instanceof Array)?msg[0]:msg);if(!this.hooks[type]){return null}return this.hooks[type].Execute(msg)}},{signals:{},find:function(name){if(!SIGNAL.signals[name]){SIGNAL.signals[name]=new SIGNAL(name)}return SIGNAL.signals[name]}});BASE.Callback=BASE.CallBack=USING;BASE.Callback.Delay=DELAY;BASE.Callback.After=AFTER;BASE.Callback.Queue=QUEUE;BASE.Callback.Signal=SIGNAL.find;BASE.Callback.Hooks=HOOKS;BASE.Callback.ExecuteHooks=EXECUTEHOOKS})("MathJax");(function(d){var a=window[d];if(!a){a=window[d]={}}var c=(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined");var f=0;var g=function(h){if(document.styleSheets&&document.styleSheets.length>f){f=document.styleSheets.length}if(!h){h=(document.getElementsByTagName("head"))[0];if(!h){h=document.body}}return h};var e=[];var b=function(){for(var j=0,h=e.length;j<h;j++){a.Ajax.head.removeChild(e[j])}e=[]};a.Ajax={loaded:{},loading:{},loadHooks:{},timeout:15*1000,styleDelay:1,config:{root:""},STATUS:{OK:1,ERROR:-1},rootPattern:new RegExp("^\\["+d+"\\]"),fileURL:function(h){return h.replace(this.rootPattern,this.config.root)},Require:function(j,m){m=a.Callback(m);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loaded[j]){m(this.loaded[j])}else{var l={};l[k]=j;this.Load(l,m)}return m},Load:function(j,l){l=a.Callback(l);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loading[j]){this.addHook(j,l)}else{this.head=g(this.head);if(this.loader[k]){this.loader[k].call(this,j,l)}else{throw Error("Can't load files of type "+k)}}return l},LoadHook:function(k,l,j){l=a.Callback(l);if(k instanceof Object){for(var h in k){k=k[h]}}k=this.fileURL(k);if(this.loaded[k]){l(this.loaded[k])}else{this.addHook(k,l,j)}return l},addHook:function(i,j,h){if(!this.loadHooks[i]){this.loadHooks[i]=MathJax.Callback.Hooks()}this.loadHooks[i].Add(j,h)},Preloading:function(){for(var k=0,h=arguments.length;k<h;k++){var j=this.fileURL(arguments[k]);if(!this.loading[j]){this.loading[j]={preloaded:true}}}},loader:{JS:function(i,k){var h=document.createElement("script");var j=a.Callback(["loadTimeout",this,i]);this.loading[i]={callback:k,message:a.Message.File(i),timeout:setTimeout(j,this.timeout),status:this.STATUS.OK,script:h};h.onerror=j;h.type="text/javascript";h.src=i;this.head.appendChild(h)},CSS:function(h,j){var i=document.createElement("link");i.rel="stylesheet";i.type="text/css";i.href=h;this.loading[h]={callback:j,message:a.Message.File(h),status:this.STATUS.OK};this.head.appendChild(i);this.timer.create.call(this,[this.timer.file,h],i)}},timer:{create:function(i,h){i=a.Callback(i);if(h.nodeName==="STYLE"&&h.styleSheet&&typeof(h.styleSheet.cssText)!=="undefined"){i(this.STATUS.OK)}else{if(window.chrome&&typeof(window.sessionStorage)!=="undefined"&&h.nodeName==="STYLE"){i(this.STATUS.OK)}else{if(c){this.timer.start(this,[this.timer.checkSafari2,f++,i],this.styleDelay)}else{this.timer.start(this,[this.timer.checkLength,h,i],this.styleDelay)}}}return i},start:function(i,h,j,k){h=a.Callback(h);h.execute=this.execute;h.time=this.time;h.STATUS=i.STATUS;h.timeout=k||i.timeout;h.delay=h.total=0;if(j){setTimeout(h,j)}else{h()}},time:function(h){this.total+=this.delay;this.delay=Math.floor(this.delay*1.05+5);if(this.total>=this.timeout){h(this.STATUS.ERROR);return 1}return 0},file:function(i,h){if(h<0){a.Ajax.loadTimeout(i)}else{a.Ajax.loadComplete(i)}},execute:function(){this.hook.call(this.object,this,this.data[0],this.data[1])},checkSafari2:function(h,i,j){if(h.time(j)){return}if(document.styleSheets.length>i&&document.styleSheets[i].cssRules&&document.styleSheets[i].cssRules.length){j(h.STATUS.OK)}else{setTimeout(h,h.delay)}},checkLength:function(h,k,m){if(h.time(m)){return}var l=0;var i=(k.sheet||k.styleSheet);try{if((i.cssRules||i.rules||[]).length>0){l=1}}catch(j){if(j.message.match(/protected variable|restricted URI/)){l=1}else{if(j.message.match(/Security error/)){l=1}}}if(l){setTimeout(a.Callback([m,h.STATUS.OK]),0)}else{setTimeout(h,h.delay)}}},loadComplete:function(h){h=this.fileURL(h);var i=this.loading[h];if(i&&!i.preloaded){a.Message.Clear(i.message);clearTimeout(i.timeout);if(i.script){if(e.length===0){setTimeout(b,0)}e.push(i.script)}this.loaded[h]=i.status;delete this.loading[h];this.addHook(h,i.callback)}else{if(i){delete this.loading[h]}this.loaded[h]=this.STATUS.OK;i={status:this.STATUS.OK}}if(!this.loadHooks[h]){return null}return this.loadHooks[h].Execute(i.status)},loadTimeout:function(h){if(this.loading[h].timeout){clearTimeout(this.loading[h].timeout)}this.loading[h].status=this.STATUS.ERROR;this.loadError(h);this.loadComplete(h)},loadError:function(h){a.Message.Set("File failed to load: "+h,null,2000);a.Hub.signal.Post(["file load error",h])},Styles:function(j,k){var h=this.StyleString(j);if(h===""){k=a.Callback(k);k()}else{var i=document.createElement("style");i.type="text/css";this.head=g(this.head);this.head.appendChild(i);if(i.styleSheet&&typeof(i.styleSheet.cssText)!=="undefined"){i.styleSheet.cssText=h}else{i.appendChild(document.createTextNode(h))}k=this.timer.create.call(this,k,i)}return k},StyleString:function(m){if(typeof(m)==="string"){return m}var j="",n,l;for(n in m){if(m.hasOwnProperty(n)){if(typeof m[n]==="string"){j+=n+" {"+m[n]+"}\n"}else{if(m[n] instanceof Array){for(var k=0;k<m[n].length;k++){l={};l[n]=m[n][k];j+=this.StyleString(l)}}else{if(n.substr(0,6)==="@media"){j+=n+" {"+this.StyleString(m[n])+"}\n"}else{if(m[n]!=null){l=[];for(var h in m[n]){if(m[n].hasOwnProperty(h)){if(m[n][h]!=null){l[l.length]=h+": "+m[n][h]}}}j+=n+" {"+l.join("; ")+"}\n"}}}}}}return j}}})("MathJax");MathJax.HTML={Element:function(c,e,d){var f=document.createElement(c);if(e){if(e.style){var b=e.style;e.style={};for(var g in b){if(b.hasOwnProperty(g)){e.style[g.replace(/-([a-z])/g,this.ucMatch)]=b[g]}}}MathJax.Hub.Insert(f,e)}if(d){if(!(d instanceof Array)){d=[d]}for(var a=0;a<d.length;a++){if(d[a] instanceof Array){f.appendChild(this.Element(d[a][0],d[a][1],d[a][2]))}else{f.appendChild(document.createTextNode(d[a]))}}}return f},ucMatch:function(a,b){return b.toUpperCase()},addElement:function(b,a,d,c){return b.appendChild(this.Element(a,d,c))},TextNode:function(a){return document.createTextNode(a)},addText:function(a,b){return a.appendChild(this.TextNode(b))},setScript:function(a,b){if(this.setScriptBug){a.text=b}else{while(a.firstChild){a.removeChild(a.firstChild)}this.addText(a,b)}},getScript:function(a){var b=(a.text===""?a.innerHTML:a.text);return b.replace(/^\s+/,"").replace(/\s+$/,"")},Cookie:{prefix:"mjx",expires:365,Set:function(a,d){var c=[];if(d){for(var f in d){if(d.hasOwnProperty(f)){c.push(f+":"+d[f].toString().replace(/&/g,"&&"))}}}var b=this.prefix+"."+a+"="+escape(c.join("&;"));if(this.expires){var e=new Date();e.setDate(e.getDate()+this.expires);b+="; expires="+e.toGMTString()}document.cookie=b+"; path=/"},Get:function(c,h){if(!h){h={}}var g=new RegExp("(?:^|;\\s*)"+this.prefix+"\\."+c+"=([^;]*)(?:;|$)");var b=g.exec(document.cookie);if(b&&b[1]!==""){var e=unescape(b[1]).split("&;");for(var d=0,a=e.length;d<a;d++){b=e[d].match(/([^:]+):(.*)/);var f=b[2].replace(/&&/g,"&");if(f==="true"){f=true}else{if(f==="false"){f=false}else{if(f.match(/^-?(\d+(\.\d+)?|\.\d+)$/)){f=parseFloat(f)}}}h[b[1]]=f}}return h}}};MathJax.Message={ready:false,log:[{}],current:null,textNodeBug:(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined")||(window.hasOwnProperty&&window.hasOwnProperty("konqueror")),styles:{"#MathJax_Message":{position:"fixed",left:"1px",bottom:"2px","background-color":"#E6E6E6",border:"1px solid #959595",margin:"0px",padding:"2px 8px","z-index":"102",color:"black","font-size":"80%",width:"auto","white-space":"nowrap"},"#MathJax_MSIE_Frame":{position:"absolute",top:0,left:0,width:"0px","z-index":101,border:"0px",margin:"0px",padding:"0px"}},browsers:{MSIE:function(a){MathJax.Hub.config.styles["#MathJax_Message"].position="absolute";MathJax.Message.quirks=(document.compatMode==="BackCompat")},Chrome:function(a){MathJax.Hub.config.styles["#MathJax_Message"].bottom="1.5em";MathJax.Hub.config.styles["#MathJax_Message"].left="1em"}},Init:function(a){if(a){this.ready=true}if(!document.body||!this.ready){return false}if(this.div&&this.div.parentNode==null){this.div=document.getElementById("MathJax_Message");if(this.div){this.text=this.div.firstChild}}if(!this.div){var b=document.body;if(MathJax.Hub.Browser.isMSIE){b=this.frame=this.addDiv(document.body);b.removeAttribute("id");b.style.position="absolute";b.style.border=b.style.margin=b.style.padding="0px";b.style.zIndex="101";b.style.height="0px";b=this.addDiv(b);b.id="MathJax_MSIE_Frame";window.attachEvent("onscroll",this.MoveFrame);window.attachEvent("onresize",this.MoveFrame);this.MoveFrame()}this.div=this.addDiv(b);this.div.style.display="none";this.text=this.div.appendChild(document.createTextNode(""))}return true},addDiv:function(a){var b=document.createElement("div");b.id="MathJax_Message";if(a.firstChild){a.insertBefore(b,a.firstChild)}else{a.appendChild(b)}return b},MoveFrame:function(){var a=(MathJax.Message.quirks?document.body:document.documentElement);var b=MathJax.Message.frame;b.style.left=a.scrollLeft+"px";b.style.top=a.scrollTop+"px";b.style.width=a.clientWidth+"px";b=b.firstChild;b.style.height=a.clientHeight+"px"},filterText:function(a,b){if(MathJax.Hub.config.messageStyle==="simple"){if(a.match(/^Loading /)){if(!this.loading){this.loading="Loading "}a=this.loading;this.loading+="."}else{if(a.match(/^Processing /)){if(!this.processing){this.processing="Processing "}a=this.processing;this.processing+="."}else{if(a.match(/^Typesetting /)){if(!this.typesetting){this.typesetting="Typesetting "}a=this.typesetting;this.typesetting+="."}}}}return a},Set:function(b,c,a){if(this.timer){clearTimeout(this.timer);delete this.timeout}if(c==null){c=this.log.length;this.log[c]={}}this.log[c].text=b;this.log[c].filteredText=b=this.filterText(b,c);if(typeof(this.log[c].next)==="undefined"){this.log[c].next=this.current;if(this.current!=null){this.log[this.current].prev=c}this.current=c}if(this.current===c&&MathJax.Hub.config.messageStyle!=="none"){if(this.Init()){if(this.textNodeBug){this.div.innerHTML=b}else{this.text.nodeValue=b}this.div.style.display="";if(this.status){window.status="";delete this.status}}else{window.status=b;this.status=true}}if(a){setTimeout(MathJax.Callback(["Clear",this,c]),a)}else{if(a==0){this.Clear(c,0)}}return c},Clear:function(b,a){if(this.log[b].prev!=null){this.log[this.log[b].prev].next=this.log[b].next}if(this.log[b].next!=null){this.log[this.log[b].next].prev=this.log[b].prev}if(this.current===b){this.current=this.log[b].next;if(this.text){if(this.div.parentNode==null){this.Init()}if(this.current==null){if(this.timer){clearTimeout(this.timer);delete this.timer}if(a==null){a=600}if(a===0){this.Remove()}else{this.timer=setTimeout(MathJax.Callback(["Remove",this]),a)}}else{if(MathJax.Hub.config.messageStyle!=="none"){if(this.textNodeBug){this.div.innerHTML=this.log[this.current].filteredText}else{this.text.nodeValue=this.log[this.current].filteredText}}}if(this.status){window.status="";delete this.status}}else{if(this.status){window.status=(this.current==null?"":this.log[this.current].text)}}}delete this.log[b].next;delete this.log[b].prev;delete this.log[b].filteredText},Remove:function(){this.text.nodeValue="";this.div.style.display="none"},File:function(b){var a=MathJax.Ajax.config.root;if(b.substr(0,a.length)===a){b="[MathJax]"+b.substr(a.length)}return this.Set("Loading "+b)},Log:function(){var b=[];for(var c=1,a=this.log.length;c<a;c++){b[c]=this.log[c].text}return b.join("\n")}};MathJax.Hub={config:{root:"",config:[],styleSheets:[],styles:{".MathJax_Preview":{color:"#888"}},jax:[],extensions:[],preJax:null,postJax:null,displayAlign:"center",displayIndent:"0",preRemoveClass:"MathJax_Preview",showProcessingMessages:true,messageStyle:"normal",delayStartupUntil:"none",skipStartupTypeset:false,"v1.0-compatible":true,elements:[],positionToHash:true,showMathMenu:true,showMathMenuMSIE:true,menuSettings:{zoom:"None",CTRL:false,ALT:false,CMD:false,Shift:false,discoverable:false,zscale:"200%",renderer:"",font:"Auto",context:"MathJax",mpContext:false,mpMouse:false,texHints:true},errorSettings:{message:["[Math Processing Error]"],style:{color:"#CC0000","font-style":"italic"}}},preProcessors:MathJax.Callback.Hooks(true),inputJax:{},outputJax:{order:{}},processUpdateTime:250,processUpdateDelay:10,signal:MathJax.Callback.Signal("Hub"),Config:function(a){this.Insert(this.config,a);if(this.config.Augment){this.Augment(this.config.Augment)}},CombineConfig:function(c,f){var b=this.config,g,e;c=c.split(/\./);for(var d=0,a=c.length;d<a;d++){g=c[d];if(!b[g]){b[g]={}}e=b;b=b[g]}e[g]=b=this.Insert(f,b);return b},Register:{PreProcessor:function(){MathJax.Hub.preProcessors.Add.apply(MathJax.Hub.preProcessors,arguments)},MessageHook:function(){return MathJax.Hub.signal.MessageHook.apply(MathJax.Hub.signal,arguments)},StartupHook:function(){return MathJax.Hub.Startup.signal.MessageHook.apply(MathJax.Hub.Startup.signal,arguments)},LoadHook:function(){return MathJax.Ajax.LoadHook.apply(MathJax.Ajax,arguments)}},getAllJax:function(e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax){c.push(b[d].MathJax.elementJax)}}return c},getJaxByType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].MathJax.elementJax.mimeType===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxByInputType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].type&&b[d].type.replace(/ *;(.|\s)*/,"")===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxFor:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.MathJax){return a.MathJax.elementJax}if(a&&a.isMathJax){while(a&&!a.jaxID){a=a.parentNode}if(a){return MathJax.OutputJax[a.jaxID].getJaxFromMath(a)}}return null},isJax:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.isMathJax){return 1}if(a&&a.tagName!=null&&a.tagName.toLowerCase()==="script"){if(a.MathJax){return(a.MathJax.state===MathJax.ElementJax.STATE.PROCESSED?1:-1)}if(a.type&&this.inputJax[a.type.replace(/ *;(.|\s)*/,"")]){return -1}}return 0},setRenderer:function(d,c){if(!d){return}if(!MathJax.OutputJax[d]){this.config.menuSettings.renderer="";var b="[MathJax]/jax/output/"+d+"/config.js";return MathJax.Ajax.Require(b,["setRenderer",this,d,c])}else{this.config.menuSettings.renderer=d;if(c==null){c="jax/mml"}var a=this.outputJax;if(a[c]&&a[c].length){if(d!==a[c][0].id){a[c].unshift(MathJax.OutputJax[d]);return this.signal.Post(["Renderer Selected",d])}}return null}},Queue:function(){return this.queue.Push.apply(this.queue,arguments)},Typeset:function(e,f){if(!MathJax.isReady){return null}var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["PreProcess",this,c.elements[d]],["Process",this,c.elements[d]])}}return b.Push(c.callback)},PreProcess:function(e,f){var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["Post",this.signal,["Begin PreProcess",c.elements[d]]],(arguments.callee.disabled?{}:["Execute",this.preProcessors,c.elements[d]]),["Post",this.signal,["End PreProcess",c.elements[d]]])}}return b.Push(c.callback)},Process:function(a,b){return this.takeAction("Process",a,b)},Update:function(a,b){return this.takeAction("Update",a,b)},Reprocess:function(a,b){return this.takeAction("Reprocess",a,b)},Rerender:function(a,b){return this.takeAction("Rerender",a,b)},takeAction:function(g,e,h){var c=this.elementCallback(e,h);var b=MathJax.Callback.Queue(["Clear",this.signal]);for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){var f={scripts:[],start:new Date().getTime(),i:0,j:0,jax:{},jaxIDs:[]};b.Push(["Post",this.signal,["Begin "+g,c.elements[d]]],["Post",this.signal,["Begin Math",c.elements[d],g]],["prepareScripts",this,g,c.elements[d],f],["Post",this.signal,["Begin Math Input",c.elements[d],g]],["processInput",this,f],["Post",this.signal,["End Math Input",c.elements[d],g]],["prepareOutput",this,f,"preProcess"],["Post",this.signal,["Begin Math Output",c.elements[d],g]],["processOutput",this,f],["Post",this.signal,["End Math Output",c.elements[d],g]],["prepareOutput",this,f,"postProcess"],["Post",this.signal,["End Math",c.elements[d],g]],["Post",this.signal,["End "+g,c.elements[d]]])}}return b.Push(c.callback)},scriptAction:{Process:function(a){},Update:function(b){var a=b.MathJax.elementJax;if(a&&a.needsUpdate()){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}else{b.MathJax.state=a.STATE.PROCESSED}},Reprocess:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}},Rerender:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.OUTPUT}}},prepareScripts:function(h,e,g){if(arguments.callee.disabled){return}var b=this.elementScripts(e);var f=MathJax.ElementJax.STATE;for(var d=0,a=b.length;d<a;d++){var c=b[d];if(c.type&&this.inputJax[c.type.replace(/ *;(.|\n)*/,"")]){if(c.MathJax){if(c.MathJax.elementJax&&c.MathJax.elementJax.hover){MathJax.Extension.MathEvents.Hover.ClearHover(c.MathJax.elementJax)}if(c.MathJax.state!==f.PENDING){this.scriptAction[h](c)}}if(!c.MathJax){c.MathJax={state:f.PENDING}}if(c.MathJax.state!==f.PROCESSED){g.scripts.push(c)}}}},checkScriptSiblings:function(a){if(a.MathJax.checked){return}var b=this.config,f=a.previousSibling;if(f&&f.nodeName==="#text"){var d,e,c=a.nextSibling;if(c&&c.nodeName!=="#text"){c=null}if(b.preJax){if(typeof(b.preJax)==="string"){b.preJax=new RegExp(b.preJax+"$")}d=f.nodeValue.match(b.preJax)}if(b.postJax&&c){if(typeof(b.postJax)==="string"){b.postJax=new RegExp("^"+b.postJax)}e=c.nodeValue.match(b.postJax)}if(d&&(!b.postJax||e)){f.nodeValue=f.nodeValue.replace(b.preJax,(d.length>1?d[1]:""));f=null}if(e&&(!b.preJax||d)){c.nodeValue=c.nodeValue.replace(b.postJax,(e.length>1?e[1]:""))}if(f&&!f.nodeValue.match(/\S/)){f=f.previousSibling}}if(b.preRemoveClass&&f&&f.className===b.preRemoveClass){a.MathJax.preview=f}a.MathJax.checked=1},processInput:function(a){var b,i=MathJax.ElementJax.STATE;var h,e,d=a.scripts.length;try{while(a.i<d){h=a.scripts[a.i];if(!h){a.i++;continue}e=h.previousSibling;if(e&&e.className==="MathJax_Error"){e.parentNode.removeChild(e)}if(!h.MathJax||h.MathJax.state===i.PROCESSED){a.i++;continue}if(!h.MathJax.elementJax||h.MathJax.state===i.UPDATE){this.checkScriptSiblings(h);var g=h.type.replace(/ *;(.|\s)*/,"");b=this.inputJax[g].Process(h,a);if(typeof b==="function"){if(b.called){continue}this.RestartAfter(b)}b.Attach(h,this.inputJax[g].id);this.saveScript(b,a,h,i)}else{if(h.MathJax.state===i.OUTPUT){this.saveScript(h.MathJax.elementJax,a,h,i)}}a.i++;var c=new Date().getTime();if(c-a.start>this.processUpdateTime&&a.i<a.scripts.length){a.start=c;this.RestartAfter(MathJax.Callback.Delay(1))}}}catch(f){return this.processError(f,a,"Input")}if(a.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Processing math: 100%",0)}a.start=new Date().getTime();a.i=a.j=0;return null},saveScript:function(a,d,b,c){if(!this.outputJax[a.mimeType]){b.MathJax.state=c.UPDATE;throw Error("No output jax registered for "+a.mimeType)}a.outputJax=this.outputJax[a.mimeType][0].id;if(!d.jax[a.outputJax]){if(d.jaxIDs.length===0){d.jax[a.outputJax]=d.scripts}else{if(d.jaxIDs.length===1){d.jax[d.jaxIDs[0]]=d.scripts.slice(0,d.i)}d.jax[a.outputJax]=[]}d.jaxIDs.push(a.outputJax)}if(d.jaxIDs.length>1){d.jax[a.outputJax].push(b)}b.MathJax.state=c.OUTPUT},prepareOutput:function(c,f){while(c.j<c.jaxIDs.length){var e=c.jaxIDs[c.j],d=MathJax.OutputJax[e];if(d[f]){try{var a=d[f](c);if(typeof a==="function"){if(a.called){continue}this.RestartAfter(a)}}catch(b){if(!b.restart){MathJax.Message.Set("Error preparing "+e+" output ("+f+")",null,600);MathJax.Hub.lastPrepError=b;c.j++}return MathJax.Callback.After(["prepareOutput",this,c,f],b.restart)}}c.j++}return null},processOutput:function(h){var b,g=MathJax.ElementJax.STATE,d,a=h.scripts.length;try{while(h.i<a){d=h.scripts[h.i];if(!d||!d.MathJax){h.i++;continue}var c=d.MathJax.elementJax;if(!c){h.i++;continue}b=MathJax.OutputJax[c.outputJax].Process(d,h);d.MathJax.state=g.PROCESSED;h.i++;if(d.MathJax.preview){d.MathJax.preview.innerHTML=""}this.signal.Post(["New Math",c.inputID]);var e=new Date().getTime();if(e-h.start>this.processUpdateTime&&h.i<h.scripts.length){h.start=e;this.RestartAfter(MathJax.Callback.Delay(this.processUpdateDelay))}}}catch(f){return this.processError(f,h,"Output")}if(h.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Typesetting math: 100%",0);MathJax.Message.Clear(0)}h.i=h.j=0;return null},processMessage:function(d,b){var a=Math.floor(d.i/(d.scripts.length)*100);var c=(b==="Output"?"Typesetting":"Processing");if(this.config.showProcessingMessages){MathJax.Message.Set(c+" math: "+a+"%",0)}},processError:function(b,c,a){if(!b.restart){if(!this.config.errorSettings.message){throw b}this.formatError(c.scripts[c.i],b);c.i++}this.processMessage(c,a);return MathJax.Callback.After(["process"+a,this,c],b.restart)},formatError:function(a,c){var b=MathJax.HTML.Element("span",{className:"MathJax_Error"},this.config.errorSettings.message);b.jaxID="Error";if(MathJax.Extension.MathEvents){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown}else{MathJax.Ajax.Require("[MathJax]/extensions/MathEvents.js",function(){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown})}a.parentNode.insertBefore(b,a);if(a.MathJax.preview){a.MathJax.preview.innerHTML=""}this.lastError=c;this.signal.Post(["Math Processing Error",a,c])},RestartAfter:function(a){throw this.Insert(Error("restart"),{restart:MathJax.Callback(a)})},elementCallback:function(c,f){if(f==null&&(c instanceof Array||typeof c==="function")){try{MathJax.Callback(c);f=c;c=null}catch(d){}}if(c==null){c=this.config.elements||[]}if(!(c instanceof Array)){c=[c]}c=[].concat(c);for(var b=0,a=c.length;b<a;b++){if(typeof(c[b])==="string"){c[b]=document.getElementById(c[b])}}if(c.length==0){c.push(document.body)}if(!f){f={}}return{elements:c,callback:f}},elementScripts:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a==null){a=document.body}if(a.tagName!=null&&a.tagName.toLowerCase()==="script"){return[a]}return a.getElementsByTagName("script")},Insert:function(c,a){for(var b in a){if(a.hasOwnProperty(b)){if(typeof a[b]==="object"&&!(a[b] instanceof Array)&&(typeof c[b]==="object"||typeof c[b]==="function")){this.Insert(c[b],a[b])}else{c[b]=a[b]}}}return c}};MathJax.Hub.Insert(MathJax.Hub.config.styles,MathJax.Message.styles);MathJax.Hub.Insert(MathJax.Hub.config.styles,{".MathJax_Error":MathJax.Hub.config.errorSettings.style});MathJax.Extension={};MathJax.Hub.Configured=MathJax.Callback({});MathJax.Hub.Startup={script:"",queue:MathJax.Callback.Queue(),signal:MathJax.Callback.Signal("Startup"),params:{},Config:function(){this.queue.Push(["Post",this.signal,"Begin Config"]);var b=MathJax.HTML.Cookie.Get("user");if(b.URL||b.Config){if(confirm("MathJax has found a user-configuration cookie that includes code to be run.  Do you want to run it?\n\n(You should press Cancel unless you set up the cookie yourself.)")){if(b.URL){this.queue.Push(["Require",MathJax.Ajax,b.URL])}if(b.Config){this.queue.Push(new Function(b.Config))}}else{MathJax.HTML.Cookie.Set("user",{})}}if(this.params.config){var d=this.params.config.split(/,/);for(var c=0,a=d.length;c<a;c++){if(!d[c].match(/\.js$/)){d[c]+=".js"}this.queue.Push(["Require",MathJax.Ajax,this.URL("config",d[c])])}}if(this.script.match(/\S/)){this.queue.Push(this.script+";\n1;")}this.queue.Push(["ConfigDelay",this],["ConfigBlocks",this],["ConfigDefault",this],[function(e){return e.loadArray(MathJax.Hub.config.config,"config",null,true)},this],["Post",this.signal,"End Config"])},ConfigDelay:function(){var a=this.params.delayStartupUntil||MathJax.Hub.config.delayStartupUntil;if(a==="onload"){return this.onload}if(a==="configured"){return MathJax.Hub.Configured}return a},ConfigBlocks:function(){var c=document.getElementsByTagName("script");var f=null,b=MathJax.Callback.Queue();for(var d=0,a=c.length;d<a;d++){var e=String(c[d].type).replace(/ /g,"");if(e.match(/^text\/x-mathjax-config(;.*)?$/)&&!e.match(/;executed=true/)){c[d].type+=";executed=true";f=b.Push(c[d].innerHTML+";\n1;")}}return f},ConfigDefault:function(){var a=MathJax.Hub.config;if(a["v1.0-compatible"]&&(a.jax||[]).length===0&&!this.params.config&&(a.config||[]).length===0){return MathJax.Ajax.Require(this.URL("extensions","v1.0-warning.js"))}},Cookie:function(){return this.queue.Push(["Post",this.signal,"Begin Cookie"],["Get",MathJax.HTML.Cookie,"menu",MathJax.Hub.config.menuSettings],[function(d){var f=d.menuSettings.renderer,b=d.jax;if(f){var c="output/"+f;b.sort();for(var e=0,a=b.length;e<a;e++){if(b[e].substr(0,7)==="output/"){break}}if(e==a-1){b.pop()}else{while(e<a){if(b[e]===c){b.splice(e,1);break}e++}}b.unshift(c)}},MathJax.Hub.config],["Post",this.signal,"End Cookie"])},Styles:function(){return this.queue.Push(["Post",this.signal,"Begin Styles"],["loadArray",this,MathJax.Hub.config.styleSheets,"config"],["Styles",MathJax.Ajax,MathJax.Hub.config.styles],["Post",this.signal,"End Styles"])},Jax:function(){var f=MathJax.Hub.config,c=MathJax.Hub.outputJax;for(var g=0,b=f.jax.length,d=0;g<b;g++){var e=f.jax[g].substr(7);if(f.jax[g].substr(0,7)==="output/"&&c.order[e]==null){c.order[e]=d;d++}}var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Jax"],["loadArray",this,f.jax,"jax","config.js"],["Post",this.signal,"End Jax"])},Extensions:function(){var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Extensions"],["loadArray",this,MathJax.Hub.config.extensions,"extensions"],["Post",this.signal,"End Extensions"])},Message:function(){MathJax.Message.Init(true)},Menu:function(){var b=MathJax.Hub.config.menuSettings,a=MathJax.Hub.outputJax,d;for(var c in a){if(a.hasOwnProperty(c)){if(a[c].length){d=a[c];break}}}if(d&&d.length){if(b.renderer&&b.renderer!==d[0].id){d.unshift(MathJax.OutputJax[b.renderer])}b.renderer=d[0].id}},Hash:function(){if(MathJax.Hub.config.positionToHash&&document.location.hash&&document.body&&document.body.scrollIntoView){var d=document.location.hash.substr(1);var f=document.getElementById(d);if(!f){var c=document.getElementsByTagName("a");for(var e=0,b=c.length;e<b;e++){if(c[e].name===d){f=c[e];break}}}if(f){while(!f.scrollIntoView){f=f.parentNode}f=this.HashCheck(f);if(f&&f.scrollIntoView){setTimeout(function(){f.scrollIntoView(true)},1)}}}},HashCheck:function(b){if(b.isMathJax){var a=MathJax.Hub.getJaxFor(b);if(a&&MathJax.OutputJax[a.outputJax].hashCheck){b=MathJax.OutputJax[a.outputJax].hashCheck(b)}}return b},MenuZoom:function(){if(!MathJax.Extension.MathMenu){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathMenu.js",{}]),1000)}if(!MathJax.Extension.MathZoom){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathZoom.js",{}]),2000)}},onLoad:function(){var a=this.onload=MathJax.Callback(function(){MathJax.Hub.Startup.signal.Post("onLoad")});if(document.body&&document.readyState){if(MathJax.Hub.Browser.isMSIE){if(document.readyState==="complete"){return[a]}}else{if(document.readyState!=="loading"){return[a]}}}if(window.addEventListener){window.addEventListener("load",a,false);if(!this.params.noDOMContentEvent){window.addEventListener("DOMContentLoaded",a,false)}}else{if(window.attachEvent){window.attachEvent("onload",a)}else{window.onload=a}}return a},Typeset:function(a,b){if(MathJax.Hub.config.skipStartupTypeset){return function(){}}return this.queue.Push(["Post",this.signal,"Begin Typeset"],["Typeset",MathJax.Hub,a,b],["Post",this.signal,"End Typeset"])},URL:function(b,a){if(!a.match(/^([a-z]+:\/\/|\[|\/)/)){a="[MathJax]/"+b+"/"+a}return a},loadArray:function(b,f,c,a){if(b){if(!(b instanceof Array)){b=[b]}if(b.length){var h=MathJax.Callback.Queue(),j={},e;for(var g=0,d=b.length;g<d;g++){e=this.URL(f,b[g]);if(c){e+="/"+c}if(a){h.Push(["Require",MathJax.Ajax,e,j])}else{h.Push(MathJax.Ajax.Require(e,j))}}return h.Push({})}}return null}};(function(d){var b=window[d],e="["+d+"]";var c=b.Hub,a=b.Ajax,f=b.Callback;var g=MathJax.Object.Subclass({JAXFILE:"jax.js",require:null,config:{},Init:function(i,h){if(arguments.length===0){return this}return(this.constructor.Subclass(i,h))()},Augment:function(k,j){var i=this.constructor,h={};if(k!=null){for(var l in k){if(k.hasOwnProperty(l)){if(typeof k[l]==="function"){i.protoFunction(l,k[l])}else{h[l]=k[l]}}}if(k.toString!==i.prototype.toString&&k.toString!=={}.toString){i.protoFunction("toString",k.toString)}}c.Insert(i.prototype,h);i.Augment(null,j);return this},Translate:function(h,i){throw Error(this.directory+"/"+this.JAXFILE+" failed to define the Translate() method")},Register:function(h){},Config:function(){this.config=c.CombineConfig(this.id,this.config);if(this.config.Augment){this.Augment(this.config.Augment)}},Startup:function(){},loadComplete:function(i){if(i==="config.js"){return a.loadComplete(this.directory+"/"+i)}else{var h=f.Queue();h.Push(c.Register.StartupHook("End Config",{}),["Post",c.Startup.signal,this.id+" Jax Config"],["Config",this],["Post",c.Startup.signal,this.id+" Jax Require"],[function(j){return MathJax.Hub.Startup.loadArray(j.require,this.directory)},this],[function(j,k){return MathJax.Hub.Startup.loadArray(j.extensions,"extensions/"+k)},this.config||{},this.id],["Post",c.Startup.signal,this.id+" Jax Startup"],["Startup",this],["Post",c.Startup.signal,this.id+" Jax Ready"]);if(this.copyTranslate){h.Push([function(j){j.preProcess=j.preTranslate;j.Process=j.Translate;j.postProcess=j.postTranslate},this.constructor.prototype])}return h.Push(["loadComplete",a,this.directory+"/"+i])}}},{id:"Jax",version:"2.1",directory:e+"/jax",extensionDir:e+"/extensions"});b.InputJax=g.Subclass({elementJax:"mml",copyTranslate:true,Process:function(l,q){var j=f.Queue(),o;var k=this.elementJax;if(!(k instanceof Array)){k=[k]}for(var n=0,h=k.length;n<h;n++){o=b.ElementJax.directory+"/"+k[n]+"/"+this.JAXFILE;if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(o);j.Push(a.Require(o))}o=this.directory+"/"+this.JAXFILE;var p=j.Push(a.Require(o));if(!p.called){this.constructor.prototype.Process=function(){if(!p.called){return p}throw Error(o+" failed to load properly")}}k=c.outputJax["jax/"+k[0]];if(k){j.Push(a.Require(k[0].directory+"/"+this.JAXFILE))}return j.Push({})},needsUpdate:function(h){var i=h.SourceElement();return(h.originalText!==b.HTML.getScript(i))},Register:function(h){if(!c.inputJax){c.inputJax={}}c.inputJax[h]=this}},{id:"InputJax",version:"2.1",directory:g.directory+"/input",extensionDir:g.extensionDir});b.OutputJax=g.Subclass({copyTranslate:true,preProcess:function(j){var i,h=this.directory+"/"+this.JAXFILE;this.constructor.prototype.preProcess=function(k){if(!i.called){return i}throw Error(h+" failed to load properly")};i=a.Require(h);return i},Register:function(i){var h=c.outputJax;if(!h[i]){h[i]=[]}if(h[i].length&&(this.id===c.config.menuSettings.renderer||(h.order[this.id]||0)<(h.order[h[i][0].id]||0))){h[i].unshift(this)}else{h[i].push(this)}if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(b.ElementJax.directory+"/"+(i.split(/\//)[1])+"/"+this.JAXFILE)},Remove:function(h){}},{id:"OutputJax",version:"2.1",directory:g.directory+"/output",extensionDir:g.extensionDir,fontDir:e+(b.isPacked?"":"/..")+"/fonts",imageDir:e+(b.isPacked?"":"/..")+"/images"});b.ElementJax=g.Subclass({Init:function(i,h){return this.constructor.Subclass(i,h)},inputJax:null,outputJax:null,inputID:null,originalText:"",mimeType:"",Text:function(i,j){var h=this.SourceElement();b.HTML.setScript(h,i);h.MathJax.state=this.STATE.UPDATE;return c.Update(h,j)},Reprocess:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.UPDATE;return c.Reprocess(h,i)},Update:function(h){return this.Rerender(h)},Rerender:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.OUTPUT;return c.Process(h,i)},Remove:function(h){if(this.hover){this.hover.clear(this)}b.OutputJax[this.outputJax].Remove(this);if(!h){c.signal.Post(["Remove Math",this.inputID]);this.Detach()}},needsUpdate:function(){return b.InputJax[this.inputJax].needsUpdate(this)},SourceElement:function(){return document.getElementById(this.inputID)},Attach:function(i,j){var h=i.MathJax.elementJax;if(i.MathJax.state===this.STATE.UPDATE){h.Clone(this)}else{h=i.MathJax.elementJax=this;if(i.id){this.inputID=i.id}else{i.id=this.inputID=b.ElementJax.GetID();this.newID=1}}h.originalText=b.HTML.getScript(i);h.inputJax=j;if(h.root){h.root.inputID=h.inputID}return h},Detach:function(){var h=this.SourceElement();if(!h){return}try{delete h.MathJax}catch(i){h.MathJax=null}if(this.newID){h.id=""}},Clone:function(h){var i;for(i in this){if(!this.hasOwnProperty(i)){continue}if(typeof(h[i])==="undefined"&&i!=="newID"){delete this[i]}}for(i in h){if(!h.hasOwnProperty(i)){continue}if(typeof(this[i])==="undefined"||(this[i]!==h[i]&&i!=="inputID")){this[i]=h[i]}}}},{id:"ElementJax",version:"2.1",directory:g.directory+"/element",extensionDir:g.extensionDir,ID:0,STATE:{PENDING:1,PROCESSED:2,UPDATE:3,OUTPUT:4},GetID:function(){this.ID++;return"MathJax-Element-"+this.ID},Subclass:function(){var h=g.Subclass.apply(this,arguments);h.loadComplete=this.prototype.loadComplete;return h}});b.ElementJax.prototype.STATE=b.ElementJax.STATE;b.OutputJax.Error={id:"Error",version:"2.1",config:{},ContextMenu:function(){return b.Extension.MathEvents.Event.ContextMenu.apply(b.Extension.MathEvents.Event,arguments)},Mousedown:function(){return b.Extension.MathEvents.Event.AltContextMenu.apply(b.Extension.MathEvents.Event,arguments)},getJaxFromMath:function(){return{inputJax:"Error",outputJax:"Error",originalText:"Math Processing Error"}}};b.InputJax.Error={id:"Error",version:"2.1",config:{},sourceMenuTitle:"Error Message"}})("MathJax");(function(l){var f=window[l];if(!f){f=window[l]={}}var c=f.Hub;var q=c.Startup;var u=c.config;var e=document.getElementsByTagName("head")[0];if(!e){e=document.childNodes[0]}var b=(document.documentElement||document).getElementsByTagName("script");var d=new RegExp("(^|/)"+l+"\\.js(\\?.*)?$");for(var o=b.length-1;o>=0;o--){if((b[o].src||"").match(d)){q.script=b[o].innerHTML;if(RegExp.$2){var r=RegExp.$2.substr(1).split(/\&/);for(var n=0,h=r.length;n<h;n++){var k=r[n].match(/(.*)=(.*)/);if(k){q.params[unescape(k[1])]=unescape(k[2])}}}u.root=b[o].src.replace(/(^|\/)[^\/]*(\?.*)?$/,"");break}}f.Ajax.config=u;var a={isMac:(navigator.platform.substr(0,3)==="Mac"),isPC:(navigator.platform.substr(0,3)==="Win"),isMSIE:(window.ActiveXObject!=null&&window.clipboardData!=null),isFirefox:((window.netscape!=null||window.mozPaintCount!=null)&&document.ATTRIBUTE_NODE!=null&&!window.opera),isSafari:(navigator.userAgent.match(/ (Apple)?WebKit\//)!=null&&(!window.chrome||window.chrome.loadTimes==null)),isChrome:(window.chrome!=null&&window.chrome.loadTimes!=null),isOpera:(window.opera!=null&&window.opera.version!=null),isKonqueror:(window.hasOwnProperty&&window.hasOwnProperty("konqueror")&&navigator.vendor=="KDE"),versionAtLeast:function(x){var w=(this.version).split(".");x=(new String(x)).split(".");for(var y=0,j=x.length;y<j;y++){if(w[y]!=x[y]){return parseInt(w[y]||"0")>=parseInt(x[y])}}return true},Select:function(j){var i=j[c.Browser];if(i){return i(c.Browser)}return null}};var g=navigator.userAgent.replace(/^Mozilla\/(\d+\.)+\d+ /,"").replace(/[a-z][-a-z0-9._: ]+\/\d+[^ ]*-[^ ]*\.([a-z][a-z])?\d+ /i,"").replace(/Gentoo |Ubuntu\/(\d+\.)*\d+ (\([^)]*\) )?/,"");c.Browser=c.Insert(c.Insert(new String("Unknown"),{version:"0.0"}),a);for(var t in a){if(a.hasOwnProperty(t)){if(a[t]&&t.substr(0,2)==="is"){t=t.slice(2);if(t==="Mac"||t==="PC"){continue}c.Browser=c.Insert(new String(t),a);var p=new RegExp(".*(Version)/((?:\\d+\\.)+\\d+)|.*("+t+")"+(t=="MSIE"?" ":"/")+"((?:\\d+\\.)*\\d+)|(?:^|\\(| )([a-z][-a-z0-9._: ]+|(?:Apple)?WebKit)/((?:\\d+\\.)+\\d+)");var s=p.exec(g)||["","","","unknown","0.0"];c.Browser.name=(s[1]=="Version"?t:(s[3]||s[5]));c.Browser.version=s[2]||s[4]||s[6];break}}}c.Browser.Select({Safari:function(j){var i=parseInt((String(j.version).split("."))[0]);if(i>85){j.webkit=j.version}if(i>=534){j.version="5.1"}else{if(i>=533){j.version="5.0"}else{if(i>=526){j.version="4.0"}else{if(i>=525){j.version="3.1"}else{if(i>500){j.version="3.0"}else{if(i>400){j.version="2.0"}else{if(i>85){j.version="1.0"}}}}}}}j.isMobile=(navigator.appVersion.match(/Mobile/i)!=null);j.noContextMenu=j.isMobile},Firefox:function(j){if((j.version==="0.0"||navigator.userAgent.match(/Firefox/)==null)&&navigator.product==="Gecko"){var m=navigator.userAgent.match(/[\/ ]rv:(\d+\.\d.*?)[\) ]/);if(m){j.version=m[1]}else{var i=(navigator.buildID||navigator.productSub||"0").substr(0,8);if(i>="20111220"){j.version="9.0"}else{if(i>="20111120"){j.version="8.0"}else{if(i>="20110927"){j.version="7.0"}else{if(i>="20110816"){j.version="6.0"}else{if(i>="20110621"){j.version="5.0"}else{if(i>="20110320"){j.version="4.0"}else{if(i>="20100121"){j.version="3.6"}else{if(i>="20090630"){j.version="3.5"}else{if(i>="20080617"){j.version="3.0"}else{if(i>="20061024"){j.version="2.0"}}}}}}}}}}}}j.isMobile=(navigator.appVersion.match(/Android/i)!=null||navigator.userAgent.match(/ Fennec\//)!=null)},Opera:function(i){i.version=opera.version()},MSIE:function(j){j.isIE9=!!(document.documentMode&&(window.performance||window.msPerformance));MathJax.HTML.setScriptBug=!j.isIE9||document.documentMode<9;var v=false;try{new ActiveXObject("MathPlayer.Factory.1");j.hasMathPlayer=v=true}catch(m){}try{if(v&&!q.params.NoMathPlayer){var i=document.createElement("object");i.id="mathplayer";i.classid="clsid:32F66A20-7614-11D4-BD11-00104BD3F987";document.getElementsByTagName("head")[0].appendChild(i);document.namespaces.add("m","http://www.w3.org/1998/Math/MathML");j.mpNamespace=true;if(document.readyState&&(document.readyState==="loading"||document.readyState==="interactive")){document.write('<?import namespace="m" implementation="#MathPlayer">');j.mpImported=true}}else{document.namespaces.add("mjx_IE_fix","http://www.w3.org/1999/xlink")}}catch(m){}}});c.Browser.Select(MathJax.Message.browsers);c.queue=f.Callback.Queue();c.queue.Push(["Post",q.signal,"Begin"],["Config",q],["Cookie",q],["Styles",q],["Message",q],function(){var i=f.Callback.Queue(q.Jax(),q.Extensions());return i.Push({})},["Menu",q],q.onLoad(),function(){MathJax.isReady=true},["Typeset",q],["Hash",q],["MenuZoom",q],["Post",q.signal,"End"])})("MathJax")}};
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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OPS/images/fmars.2025.1626578/MathJax.js
/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;

if(document.getElementById&&document.childNodes&&document.createElement){if(!window.MathJax){window.MathJax={}}if(!MathJax.Hub){MathJax.version="2.1";MathJax.fileversion="2.1";(function(d){var b=window[d];if(!b){b=window[d]={}}var f=[];var c=function(g){var h=g.constructor;if(!h){h=new Function("")}for(var i in g){if(i!=="constructor"&&g.hasOwnProperty(i)){h[i]=g[i]}}return h};var a=function(){return new Function("return arguments.callee.Init.call(this,arguments)")};var e=a();e.prototype={bug_test:1};if(!e.prototype.bug_test){a=function(){return function(){return arguments.callee.Init.call(this,arguments)}}}b.Object=c({constructor:a(),Subclass:function(g,i){var h=a();h.SUPER=this;h.Init=this.Init;h.Subclass=this.Subclass;h.Augment=this.Augment;h.protoFunction=this.protoFunction;h.can=this.can;h.has=this.has;h.isa=this.isa;h.prototype=new this(f);h.prototype.constructor=h;h.Augment(g,i);return h},Init:function(g){var h=this;if(g.length===1&&g[0]===f){return h}if(!(h instanceof g.callee)){h=new g.callee(f)}return h.Init.apply(h,g)||h},Augment:function(g,h){var i;if(g!=null){for(i in g){if(g.hasOwnProperty(i)){this.protoFunction(i,g[i])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){this.protoFunction("toString",g.toString)}}if(h!=null){for(i in h){if(h.hasOwnProperty(i)){this[i]=h[i]}}}return this},protoFunction:function(h,g){this.prototype[h]=g;if(typeof g==="function"){g.SUPER=this.SUPER.prototype}},prototype:{Init:function(){},SUPER:function(g){return g.callee.SUPER},can:function(g){return typeof(this[g])==="function"},has:function(g){return typeof(this[g])!=="undefined"},isa:function(g){return(g instanceof Object)&&(this instanceof g)}},can:function(g){return this.prototype.can.call(this,g)},has:function(g){return this.prototype.has.call(this,g)},isa:function(h){var g=this;while(g){if(g===h){return true}else{g=g.SUPER}}return false},SimpleSUPER:c({constructor:function(g){return this.SimpleSUPER.define(g)},define:function(g){var i={};if(g!=null){for(var h in g){if(g.hasOwnProperty(h)){i[h]=this.wrap(h,g[h])}}if(g.toString!==this.prototype.toString&&g.toString!=={}.toString){i.toString=this.wrap("toString",g.toString)}}return i},wrap:function(i,h){if(typeof(h)==="function"&&h.toString().match(/\.\s*SUPER\s*\(/)){var g=new Function(this.wrapper);g.label=i;g.original=h;h=g;g.toString=this.stringify}return h},wrapper:function(){var h=arguments.callee;this.SUPER=h.SUPER[h.label];try{var g=h.original.apply(this,arguments)}catch(i){delete this.SUPER;throw i}delete this.SUPER;return g}.toString().replace(/^\s*function\s*\(\)\s*\{\s*/i,"").replace(/\s*\}\s*$/i,""),toString:function(){return this.original.toString.apply(this.original,arguments)}})})})("MathJax");(function(BASENAME){var BASE=window[BASENAME];if(!BASE){BASE=window[BASENAME]={}}var CALLBACK=function(data){var cb=new Function("return arguments.callee.execute.apply(arguments.callee,arguments)");for(var id in CALLBACK.prototype){if(CALLBACK.prototype.hasOwnProperty(id)){if(typeof(data[id])!=="undefined"){cb[id]=data[id]}else{cb[id]=CALLBACK.prototype[id]}}}cb.toString=CALLBACK.prototype.toString;return cb};CALLBACK.prototype={isCallback:true,hook:function(){},data:[],object:window,execute:function(){if(!this.called||this.autoReset){this.called=!this.autoReset;return this.hook.apply(this.object,this.data.concat([].slice.call(arguments,0)))}},reset:function(){delete this.called},toString:function(){return this.hook.toString.apply(this.hook,arguments)}};var ISCALLBACK=function(f){return(typeof(f)==="function"&&f.isCallback)};var EVAL=function(code){return eval.call(window,code)};EVAL("var __TeSt_VaR__ = 1");if(window.__TeSt_VaR__){try{delete window.__TeSt_VaR__}catch(error){window.__TeSt_VaR__=null}}else{if(window.execScript){EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";window.execScript(code);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}else{EVAL=function(code){BASE.__code=code;code="try {"+BASENAME+".__result = eval("+BASENAME+".__code)} catch(err) {"+BASENAME+".__result = err}";var head=(document.getElementsByTagName("head"))[0];if(!head){head=document.body}var script=document.createElement("script");script.appendChild(document.createTextNode(code));head.appendChild(script);head.removeChild(script);var result=BASE.__result;delete BASE.__result;delete BASE.__code;if(result instanceof Error){throw result}return result}}}var USING=function(args,i){if(arguments.length>1){if(arguments.length===2&&!(typeof arguments[0]==="function")&&arguments[0] instanceof Object&&typeof arguments[1]==="number"){args=[].slice.call(args,i)}else{args=[].slice.call(arguments,0)}}if(args instanceof Array&&args.length===1){args=args[0]}if(typeof args==="function"){if(args.execute===CALLBACK.prototype.execute){return args}return CALLBACK({hook:args})}else{if(args instanceof Array){if(typeof(args[0])==="string"&&args[1] instanceof Object&&typeof args[1][args[0]]==="function"){return CALLBACK({hook:args[1][args[0]],object:args[1],data:args.slice(2)})}else{if(typeof args[0]==="function"){return CALLBACK({hook:args[0],data:args.slice(1)})}else{if(typeof args[1]==="function"){return CALLBACK({hook:args[1],object:args[0],data:args.slice(2)})}}}}else{if(typeof(args)==="string"){return CALLBACK({hook:EVAL,data:[args]})}else{if(args instanceof Object){return CALLBACK(args)}else{if(typeof(args)==="undefined"){return CALLBACK({})}}}}}throw Error("Can't make callback from given data")};var DELAY=function(time,callback){callback=USING(callback);callback.timeout=setTimeout(callback,time);return callback};var WAITFOR=function(callback,signal){callback=USING(callback);if(!callback.called){WAITSIGNAL(callback,signal);signal.pending++}};var WAITEXECUTE=function(){var signals=this.signal;delete this.signal;this.execute=this.oldExecute;delete this.oldExecute;var result=this.execute.apply(this,arguments);if(ISCALLBACK(result)&&!result.called){WAITSIGNAL(result,signals)}else{for(var i=0,m=signals.length;i<m;i++){signals[i].pending--;if(signals[i].pending<=0){signals[i].call()}}}};var WAITSIGNAL=function(callback,signals){if(!(signals instanceof Array)){signals=[signals]}if(!callback.signal){callback.oldExecute=callback.execute;callback.execute=WAITEXECUTE;callback.signal=signals}else{if(signals.length===1){callback.signal.push(signals[0])}else{callback.signal=callback.signal.concat(signals)}}};var AFTER=function(callback){callback=USING(callback);callback.pending=0;for(var i=1,m=arguments.length;i<m;i++){if(arguments[i]){WAITFOR(arguments[i],callback)}}if(callback.pending===0){var result=callback();if(ISCALLBACK(result)){callback=result}}return callback};var HOOKS=MathJax.Object.Subclass({Init:function(reset){this.hooks=[];this.reset=reset},Add:function(hook,priority){if(priority==null){priority=10}if(!ISCALLBACK(hook)){hook=USING(hook)}hook.priority=priority;var i=this.hooks.length;while(i>0&&priority<this.hooks[i-1].priority){i--}this.hooks.splice(i,0,hook);return hook},Remove:function(hook){for(var i=0,m=this.hooks.length;i<m;i++){if(this.hooks[i]===hook){this.hooks.splice(i,1);return}}},Execute:function(){var callbacks=[{}];for(var i=0,m=this.hooks.length;i<m;i++){if(this.reset){this.hooks[i].reset()}var result=this.hooks[i].apply(window,arguments);if(ISCALLBACK(result)&&!result.called){callbacks.push(result)}}if(callbacks.length===1){return null}if(callbacks.length===2){return callbacks[1]}return AFTER.apply({},callbacks)}});var EXECUTEHOOKS=function(hooks,data,reset){if(!hooks){return null}if(!(hooks instanceof Array)){hooks=[hooks]}if(!(data instanceof Array)){data=(data==null?[]:[data])}var handler=HOOKS(reset);for(var i=0,m=hooks.length;i<m;i++){handler.Add(hooks[i])}return handler.Execute.apply(handler,data)};var QUEUE=BASE.Object.Subclass({Init:function(){this.pending=0;this.running=0;this.queue=[];this.Push.apply(this,arguments)},Push:function(){var callback;for(var i=0,m=arguments.length;i<m;i++){callback=USING(arguments[i]);if(callback===arguments[i]&&!callback.called){callback=USING(["wait",this,callback])}this.queue.push(callback)}if(!this.running&&!this.pending){this.Process()}return callback},Process:function(queue){while(!this.running&&!this.pending&&this.queue.length){var callback=this.queue[0];queue=this.queue.slice(1);this.queue=[];this.Suspend();var result=callback();this.Resume();if(queue.length){this.queue=queue.concat(this.queue)}if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}}},Suspend:function(){this.running++},Resume:function(){if(this.running){this.running--}},call:function(){this.Process.apply(this,arguments)},wait:function(callback){return callback}});var SIGNAL=QUEUE.Subclass({Init:function(name){QUEUE.prototype.Init.call(this);this.name=name;this.posted=[];this.listeners=HOOKS(true)},Post:function(message,callback,forget){callback=USING(callback);if(this.posting||this.pending){this.Push(["Post",this,message,callback,forget])}else{this.callback=callback;callback.reset();if(!forget){this.posted.push(message)}this.Suspend();this.posting=true;var result=this.listeners.Execute(message);if(ISCALLBACK(result)&&!result.called){WAITFOR(result,this)}this.Resume();delete this.posting;if(!this.pending){this.call()}}return callback},Clear:function(callback){callback=USING(callback);if(this.posting||this.pending){callback=this.Push(["Clear",this,callback])}else{this.posted=[];callback()}return callback},call:function(){this.callback(this);this.Process()},Interest:function(callback,ignorePast,priority){callback=USING(callback);this.listeners.Add(callback,priority);if(!ignorePast){for(var i=0,m=this.posted.length;i<m;i++){callback.reset();var result=callback(this.posted[i]);if(ISCALLBACK(result)&&i===this.posted.length-1){WAITFOR(result,this)}}}return callback},NoInterest:function(callback){this.listeners.Remove(callback)},MessageHook:function(msg,callback,priority){callback=USING(callback);if(!this.hooks){this.hooks={};this.Interest(["ExecuteHooks",this])}if(!this.hooks[msg]){this.hooks[msg]=HOOKS(true)}this.hooks[msg].Add(callback,priority);for(var i=0,m=this.posted.length;i<m;i++){if(this.posted[i]==msg){callback.reset();callback(this.posted[i])}}return callback},ExecuteHooks:function(msg,more){var type=((msg instanceof Array)?msg[0]:msg);if(!this.hooks[type]){return null}return this.hooks[type].Execute(msg)}},{signals:{},find:function(name){if(!SIGNAL.signals[name]){SIGNAL.signals[name]=new SIGNAL(name)}return SIGNAL.signals[name]}});BASE.Callback=BASE.CallBack=USING;BASE.Callback.Delay=DELAY;BASE.Callback.After=AFTER;BASE.Callback.Queue=QUEUE;BASE.Callback.Signal=SIGNAL.find;BASE.Callback.Hooks=HOOKS;BASE.Callback.ExecuteHooks=EXECUTEHOOKS})("MathJax");(function(d){var a=window[d];if(!a){a=window[d]={}}var c=(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined");var f=0;var g=function(h){if(document.styleSheets&&document.styleSheets.length>f){f=document.styleSheets.length}if(!h){h=(document.getElementsByTagName("head"))[0];if(!h){h=document.body}}return h};var e=[];var b=function(){for(var j=0,h=e.length;j<h;j++){a.Ajax.head.removeChild(e[j])}e=[]};a.Ajax={loaded:{},loading:{},loadHooks:{},timeout:15*1000,styleDelay:1,config:{root:""},STATUS:{OK:1,ERROR:-1},rootPattern:new RegExp("^\\["+d+"\\]"),fileURL:function(h){return h.replace(this.rootPattern,this.config.root)},Require:function(j,m){m=a.Callback(m);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loaded[j]){m(this.loaded[j])}else{var l={};l[k]=j;this.Load(l,m)}return m},Load:function(j,l){l=a.Callback(l);var k;if(j instanceof Object){for(var h in j){}k=h.toUpperCase();j=j[h]}else{k=j.split(/\./).pop().toUpperCase()}j=this.fileURL(j);if(this.loading[j]){this.addHook(j,l)}else{this.head=g(this.head);if(this.loader[k]){this.loader[k].call(this,j,l)}else{throw Error("Can't load files of type "+k)}}return l},LoadHook:function(k,l,j){l=a.Callback(l);if(k instanceof Object){for(var h in k){k=k[h]}}k=this.fileURL(k);if(this.loaded[k]){l(this.loaded[k])}else{this.addHook(k,l,j)}return l},addHook:function(i,j,h){if(!this.loadHooks[i]){this.loadHooks[i]=MathJax.Callback.Hooks()}this.loadHooks[i].Add(j,h)},Preloading:function(){for(var k=0,h=arguments.length;k<h;k++){var j=this.fileURL(arguments[k]);if(!this.loading[j]){this.loading[j]={preloaded:true}}}},loader:{JS:function(i,k){var h=document.createElement("script");var j=a.Callback(["loadTimeout",this,i]);this.loading[i]={callback:k,message:a.Message.File(i),timeout:setTimeout(j,this.timeout),status:this.STATUS.OK,script:h};h.onerror=j;h.type="text/javascript";h.src=i;this.head.appendChild(h)},CSS:function(h,j){var i=document.createElement("link");i.rel="stylesheet";i.type="text/css";i.href=h;this.loading[h]={callback:j,message:a.Message.File(h),status:this.STATUS.OK};this.head.appendChild(i);this.timer.create.call(this,[this.timer.file,h],i)}},timer:{create:function(i,h){i=a.Callback(i);if(h.nodeName==="STYLE"&&h.styleSheet&&typeof(h.styleSheet.cssText)!=="undefined"){i(this.STATUS.OK)}else{if(window.chrome&&typeof(window.sessionStorage)!=="undefined"&&h.nodeName==="STYLE"){i(this.STATUS.OK)}else{if(c){this.timer.start(this,[this.timer.checkSafari2,f++,i],this.styleDelay)}else{this.timer.start(this,[this.timer.checkLength,h,i],this.styleDelay)}}}return i},start:function(i,h,j,k){h=a.Callback(h);h.execute=this.execute;h.time=this.time;h.STATUS=i.STATUS;h.timeout=k||i.timeout;h.delay=h.total=0;if(j){setTimeout(h,j)}else{h()}},time:function(h){this.total+=this.delay;this.delay=Math.floor(this.delay*1.05+5);if(this.total>=this.timeout){h(this.STATUS.ERROR);return 1}return 0},file:function(i,h){if(h<0){a.Ajax.loadTimeout(i)}else{a.Ajax.loadComplete(i)}},execute:function(){this.hook.call(this.object,this,this.data[0],this.data[1])},checkSafari2:function(h,i,j){if(h.time(j)){return}if(document.styleSheets.length>i&&document.styleSheets[i].cssRules&&document.styleSheets[i].cssRules.length){j(h.STATUS.OK)}else{setTimeout(h,h.delay)}},checkLength:function(h,k,m){if(h.time(m)){return}var l=0;var i=(k.sheet||k.styleSheet);try{if((i.cssRules||i.rules||[]).length>0){l=1}}catch(j){if(j.message.match(/protected variable|restricted URI/)){l=1}else{if(j.message.match(/Security error/)){l=1}}}if(l){setTimeout(a.Callback([m,h.STATUS.OK]),0)}else{setTimeout(h,h.delay)}}},loadComplete:function(h){h=this.fileURL(h);var i=this.loading[h];if(i&&!i.preloaded){a.Message.Clear(i.message);clearTimeout(i.timeout);if(i.script){if(e.length===0){setTimeout(b,0)}e.push(i.script)}this.loaded[h]=i.status;delete this.loading[h];this.addHook(h,i.callback)}else{if(i){delete this.loading[h]}this.loaded[h]=this.STATUS.OK;i={status:this.STATUS.OK}}if(!this.loadHooks[h]){return null}return this.loadHooks[h].Execute(i.status)},loadTimeout:function(h){if(this.loading[h].timeout){clearTimeout(this.loading[h].timeout)}this.loading[h].status=this.STATUS.ERROR;this.loadError(h);this.loadComplete(h)},loadError:function(h){a.Message.Set("File failed to load: "+h,null,2000);a.Hub.signal.Post(["file load error",h])},Styles:function(j,k){var h=this.StyleString(j);if(h===""){k=a.Callback(k);k()}else{var i=document.createElement("style");i.type="text/css";this.head=g(this.head);this.head.appendChild(i);if(i.styleSheet&&typeof(i.styleSheet.cssText)!=="undefined"){i.styleSheet.cssText=h}else{i.appendChild(document.createTextNode(h))}k=this.timer.create.call(this,k,i)}return k},StyleString:function(m){if(typeof(m)==="string"){return m}var j="",n,l;for(n in m){if(m.hasOwnProperty(n)){if(typeof m[n]==="string"){j+=n+" {"+m[n]+"}\n"}else{if(m[n] instanceof Array){for(var k=0;k<m[n].length;k++){l={};l[n]=m[n][k];j+=this.StyleString(l)}}else{if(n.substr(0,6)==="@media"){j+=n+" {"+this.StyleString(m[n])+"}\n"}else{if(m[n]!=null){l=[];for(var h in m[n]){if(m[n].hasOwnProperty(h)){if(m[n][h]!=null){l[l.length]=h+": "+m[n][h]}}}j+=n+" {"+l.join("; ")+"}\n"}}}}}}return j}}})("MathJax");MathJax.HTML={Element:function(c,e,d){var f=document.createElement(c);if(e){if(e.style){var b=e.style;e.style={};for(var g in b){if(b.hasOwnProperty(g)){e.style[g.replace(/-([a-z])/g,this.ucMatch)]=b[g]}}}MathJax.Hub.Insert(f,e)}if(d){if(!(d instanceof Array)){d=[d]}for(var a=0;a<d.length;a++){if(d[a] instanceof Array){f.appendChild(this.Element(d[a][0],d[a][1],d[a][2]))}else{f.appendChild(document.createTextNode(d[a]))}}}return f},ucMatch:function(a,b){return b.toUpperCase()},addElement:function(b,a,d,c){return b.appendChild(this.Element(a,d,c))},TextNode:function(a){return document.createTextNode(a)},addText:function(a,b){return a.appendChild(this.TextNode(b))},setScript:function(a,b){if(this.setScriptBug){a.text=b}else{while(a.firstChild){a.removeChild(a.firstChild)}this.addText(a,b)}},getScript:function(a){var b=(a.text===""?a.innerHTML:a.text);return b.replace(/^\s+/,"").replace(/\s+$/,"")},Cookie:{prefix:"mjx",expires:365,Set:function(a,d){var c=[];if(d){for(var f in d){if(d.hasOwnProperty(f)){c.push(f+":"+d[f].toString().replace(/&/g,"&&"))}}}var b=this.prefix+"."+a+"="+escape(c.join("&;"));if(this.expires){var e=new Date();e.setDate(e.getDate()+this.expires);b+="; expires="+e.toGMTString()}document.cookie=b+"; path=/"},Get:function(c,h){if(!h){h={}}var g=new RegExp("(?:^|;\\s*)"+this.prefix+"\\."+c+"=([^;]*)(?:;|$)");var b=g.exec(document.cookie);if(b&&b[1]!==""){var e=unescape(b[1]).split("&;");for(var d=0,a=e.length;d<a;d++){b=e[d].match(/([^:]+):(.*)/);var f=b[2].replace(/&&/g,"&");if(f==="true"){f=true}else{if(f==="false"){f=false}else{if(f.match(/^-?(\d+(\.\d+)?|\.\d+)$/)){f=parseFloat(f)}}}h[b[1]]=f}}return h}}};MathJax.Message={ready:false,log:[{}],current:null,textNodeBug:(navigator.vendor==="Apple Computer, Inc."&&typeof navigator.vendorSub==="undefined")||(window.hasOwnProperty&&window.hasOwnProperty("konqueror")),styles:{"#MathJax_Message":{position:"fixed",left:"1px",bottom:"2px","background-color":"#E6E6E6",border:"1px solid #959595",margin:"0px",padding:"2px 8px","z-index":"102",color:"black","font-size":"80%",width:"auto","white-space":"nowrap"},"#MathJax_MSIE_Frame":{position:"absolute",top:0,left:0,width:"0px","z-index":101,border:"0px",margin:"0px",padding:"0px"}},browsers:{MSIE:function(a){MathJax.Hub.config.styles["#MathJax_Message"].position="absolute";MathJax.Message.quirks=(document.compatMode==="BackCompat")},Chrome:function(a){MathJax.Hub.config.styles["#MathJax_Message"].bottom="1.5em";MathJax.Hub.config.styles["#MathJax_Message"].left="1em"}},Init:function(a){if(a){this.ready=true}if(!document.body||!this.ready){return false}if(this.div&&this.div.parentNode==null){this.div=document.getElementById("MathJax_Message");if(this.div){this.text=this.div.firstChild}}if(!this.div){var b=document.body;if(MathJax.Hub.Browser.isMSIE){b=this.frame=this.addDiv(document.body);b.removeAttribute("id");b.style.position="absolute";b.style.border=b.style.margin=b.style.padding="0px";b.style.zIndex="101";b.style.height="0px";b=this.addDiv(b);b.id="MathJax_MSIE_Frame";window.attachEvent("onscroll",this.MoveFrame);window.attachEvent("onresize",this.MoveFrame);this.MoveFrame()}this.div=this.addDiv(b);this.div.style.display="none";this.text=this.div.appendChild(document.createTextNode(""))}return true},addDiv:function(a){var b=document.createElement("div");b.id="MathJax_Message";if(a.firstChild){a.insertBefore(b,a.firstChild)}else{a.appendChild(b)}return b},MoveFrame:function(){var a=(MathJax.Message.quirks?document.body:document.documentElement);var b=MathJax.Message.frame;b.style.left=a.scrollLeft+"px";b.style.top=a.scrollTop+"px";b.style.width=a.clientWidth+"px";b=b.firstChild;b.style.height=a.clientHeight+"px"},filterText:function(a,b){if(MathJax.Hub.config.messageStyle==="simple"){if(a.match(/^Loading /)){if(!this.loading){this.loading="Loading "}a=this.loading;this.loading+="."}else{if(a.match(/^Processing /)){if(!this.processing){this.processing="Processing "}a=this.processing;this.processing+="."}else{if(a.match(/^Typesetting /)){if(!this.typesetting){this.typesetting="Typesetting "}a=this.typesetting;this.typesetting+="."}}}}return a},Set:function(b,c,a){if(this.timer){clearTimeout(this.timer);delete this.timeout}if(c==null){c=this.log.length;this.log[c]={}}this.log[c].text=b;this.log[c].filteredText=b=this.filterText(b,c);if(typeof(this.log[c].next)==="undefined"){this.log[c].next=this.current;if(this.current!=null){this.log[this.current].prev=c}this.current=c}if(this.current===c&&MathJax.Hub.config.messageStyle!=="none"){if(this.Init()){if(this.textNodeBug){this.div.innerHTML=b}else{this.text.nodeValue=b}this.div.style.display="";if(this.status){window.status="";delete this.status}}else{window.status=b;this.status=true}}if(a){setTimeout(MathJax.Callback(["Clear",this,c]),a)}else{if(a==0){this.Clear(c,0)}}return c},Clear:function(b,a){if(this.log[b].prev!=null){this.log[this.log[b].prev].next=this.log[b].next}if(this.log[b].next!=null){this.log[this.log[b].next].prev=this.log[b].prev}if(this.current===b){this.current=this.log[b].next;if(this.text){if(this.div.parentNode==null){this.Init()}if(this.current==null){if(this.timer){clearTimeout(this.timer);delete this.timer}if(a==null){a=600}if(a===0){this.Remove()}else{this.timer=setTimeout(MathJax.Callback(["Remove",this]),a)}}else{if(MathJax.Hub.config.messageStyle!=="none"){if(this.textNodeBug){this.div.innerHTML=this.log[this.current].filteredText}else{this.text.nodeValue=this.log[this.current].filteredText}}}if(this.status){window.status="";delete this.status}}else{if(this.status){window.status=(this.current==null?"":this.log[this.current].text)}}}delete this.log[b].next;delete this.log[b].prev;delete this.log[b].filteredText},Remove:function(){this.text.nodeValue="";this.div.style.display="none"},File:function(b){var a=MathJax.Ajax.config.root;if(b.substr(0,a.length)===a){b="[MathJax]"+b.substr(a.length)}return this.Set("Loading "+b)},Log:function(){var b=[];for(var c=1,a=this.log.length;c<a;c++){b[c]=this.log[c].text}return b.join("\n")}};MathJax.Hub={config:{root:"",config:[],styleSheets:[],styles:{".MathJax_Preview":{color:"#888"}},jax:[],extensions:[],preJax:null,postJax:null,displayAlign:"center",displayIndent:"0",preRemoveClass:"MathJax_Preview",showProcessingMessages:true,messageStyle:"normal",delayStartupUntil:"none",skipStartupTypeset:false,"v1.0-compatible":true,elements:[],positionToHash:true,showMathMenu:true,showMathMenuMSIE:true,menuSettings:{zoom:"None",CTRL:false,ALT:false,CMD:false,Shift:false,discoverable:false,zscale:"200%",renderer:"",font:"Auto",context:"MathJax",mpContext:false,mpMouse:false,texHints:true},errorSettings:{message:["[Math Processing Error]"],style:{color:"#CC0000","font-style":"italic"}}},preProcessors:MathJax.Callback.Hooks(true),inputJax:{},outputJax:{order:{}},processUpdateTime:250,processUpdateDelay:10,signal:MathJax.Callback.Signal("Hub"),Config:function(a){this.Insert(this.config,a);if(this.config.Augment){this.Augment(this.config.Augment)}},CombineConfig:function(c,f){var b=this.config,g,e;c=c.split(/\./);for(var d=0,a=c.length;d<a;d++){g=c[d];if(!b[g]){b[g]={}}e=b;b=b[g]}e[g]=b=this.Insert(f,b);return b},Register:{PreProcessor:function(){MathJax.Hub.preProcessors.Add.apply(MathJax.Hub.preProcessors,arguments)},MessageHook:function(){return MathJax.Hub.signal.MessageHook.apply(MathJax.Hub.signal,arguments)},StartupHook:function(){return MathJax.Hub.Startup.signal.MessageHook.apply(MathJax.Hub.Startup.signal,arguments)},LoadHook:function(){return MathJax.Ajax.LoadHook.apply(MathJax.Ajax,arguments)}},getAllJax:function(e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax){c.push(b[d].MathJax.elementJax)}}return c},getJaxByType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].MathJax.elementJax.mimeType===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxByInputType:function(f,e){var c=[],b=this.elementScripts(e);for(var d=0,a=b.length;d<a;d++){if(b[d].MathJax&&b[d].MathJax.elementJax&&b[d].type&&b[d].type.replace(/ *;(.|\s)*/,"")===f){c.push(b[d].MathJax.elementJax)}}return c},getJaxFor:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.MathJax){return a.MathJax.elementJax}if(a&&a.isMathJax){while(a&&!a.jaxID){a=a.parentNode}if(a){return MathJax.OutputJax[a.jaxID].getJaxFromMath(a)}}return null},isJax:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a&&a.isMathJax){return 1}if(a&&a.tagName!=null&&a.tagName.toLowerCase()==="script"){if(a.MathJax){return(a.MathJax.state===MathJax.ElementJax.STATE.PROCESSED?1:-1)}if(a.type&&this.inputJax[a.type.replace(/ *;(.|\s)*/,"")]){return -1}}return 0},setRenderer:function(d,c){if(!d){return}if(!MathJax.OutputJax[d]){this.config.menuSettings.renderer="";var b="[MathJax]/jax/output/"+d+"/config.js";return MathJax.Ajax.Require(b,["setRenderer",this,d,c])}else{this.config.menuSettings.renderer=d;if(c==null){c="jax/mml"}var a=this.outputJax;if(a[c]&&a[c].length){if(d!==a[c][0].id){a[c].unshift(MathJax.OutputJax[d]);return this.signal.Post(["Renderer Selected",d])}}return null}},Queue:function(){return this.queue.Push.apply(this.queue,arguments)},Typeset:function(e,f){if(!MathJax.isReady){return null}var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["PreProcess",this,c.elements[d]],["Process",this,c.elements[d]])}}return b.Push(c.callback)},PreProcess:function(e,f){var c=this.elementCallback(e,f);var b=MathJax.Callback.Queue();for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){b.Push(["Post",this.signal,["Begin PreProcess",c.elements[d]]],(arguments.callee.disabled?{}:["Execute",this.preProcessors,c.elements[d]]),["Post",this.signal,["End PreProcess",c.elements[d]]])}}return b.Push(c.callback)},Process:function(a,b){return this.takeAction("Process",a,b)},Update:function(a,b){return this.takeAction("Update",a,b)},Reprocess:function(a,b){return this.takeAction("Reprocess",a,b)},Rerender:function(a,b){return this.takeAction("Rerender",a,b)},takeAction:function(g,e,h){var c=this.elementCallback(e,h);var b=MathJax.Callback.Queue(["Clear",this.signal]);for(var d=0,a=c.elements.length;d<a;d++){if(c.elements[d]){var f={scripts:[],start:new Date().getTime(),i:0,j:0,jax:{},jaxIDs:[]};b.Push(["Post",this.signal,["Begin "+g,c.elements[d]]],["Post",this.signal,["Begin Math",c.elements[d],g]],["prepareScripts",this,g,c.elements[d],f],["Post",this.signal,["Begin Math Input",c.elements[d],g]],["processInput",this,f],["Post",this.signal,["End Math Input",c.elements[d],g]],["prepareOutput",this,f,"preProcess"],["Post",this.signal,["Begin Math Output",c.elements[d],g]],["processOutput",this,f],["Post",this.signal,["End Math Output",c.elements[d],g]],["prepareOutput",this,f,"postProcess"],["Post",this.signal,["End Math",c.elements[d],g]],["Post",this.signal,["End "+g,c.elements[d]]])}}return b.Push(c.callback)},scriptAction:{Process:function(a){},Update:function(b){var a=b.MathJax.elementJax;if(a&&a.needsUpdate()){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}else{b.MathJax.state=a.STATE.PROCESSED}},Reprocess:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.UPDATE}},Rerender:function(b){var a=b.MathJax.elementJax;if(a){a.Remove(true);b.MathJax.state=a.STATE.OUTPUT}}},prepareScripts:function(h,e,g){if(arguments.callee.disabled){return}var b=this.elementScripts(e);var f=MathJax.ElementJax.STATE;for(var d=0,a=b.length;d<a;d++){var c=b[d];if(c.type&&this.inputJax[c.type.replace(/ *;(.|\n)*/,"")]){if(c.MathJax){if(c.MathJax.elementJax&&c.MathJax.elementJax.hover){MathJax.Extension.MathEvents.Hover.ClearHover(c.MathJax.elementJax)}if(c.MathJax.state!==f.PENDING){this.scriptAction[h](c)}}if(!c.MathJax){c.MathJax={state:f.PENDING}}if(c.MathJax.state!==f.PROCESSED){g.scripts.push(c)}}}},checkScriptSiblings:function(a){if(a.MathJax.checked){return}var b=this.config,f=a.previousSibling;if(f&&f.nodeName==="#text"){var d,e,c=a.nextSibling;if(c&&c.nodeName!=="#text"){c=null}if(b.preJax){if(typeof(b.preJax)==="string"){b.preJax=new RegExp(b.preJax+"$")}d=f.nodeValue.match(b.preJax)}if(b.postJax&&c){if(typeof(b.postJax)==="string"){b.postJax=new RegExp("^"+b.postJax)}e=c.nodeValue.match(b.postJax)}if(d&&(!b.postJax||e)){f.nodeValue=f.nodeValue.replace(b.preJax,(d.length>1?d[1]:""));f=null}if(e&&(!b.preJax||d)){c.nodeValue=c.nodeValue.replace(b.postJax,(e.length>1?e[1]:""))}if(f&&!f.nodeValue.match(/\S/)){f=f.previousSibling}}if(b.preRemoveClass&&f&&f.className===b.preRemoveClass){a.MathJax.preview=f}a.MathJax.checked=1},processInput:function(a){var b,i=MathJax.ElementJax.STATE;var h,e,d=a.scripts.length;try{while(a.i<d){h=a.scripts[a.i];if(!h){a.i++;continue}e=h.previousSibling;if(e&&e.className==="MathJax_Error"){e.parentNode.removeChild(e)}if(!h.MathJax||h.MathJax.state===i.PROCESSED){a.i++;continue}if(!h.MathJax.elementJax||h.MathJax.state===i.UPDATE){this.checkScriptSiblings(h);var g=h.type.replace(/ *;(.|\s)*/,"");b=this.inputJax[g].Process(h,a);if(typeof b==="function"){if(b.called){continue}this.RestartAfter(b)}b.Attach(h,this.inputJax[g].id);this.saveScript(b,a,h,i)}else{if(h.MathJax.state===i.OUTPUT){this.saveScript(h.MathJax.elementJax,a,h,i)}}a.i++;var c=new Date().getTime();if(c-a.start>this.processUpdateTime&&a.i<a.scripts.length){a.start=c;this.RestartAfter(MathJax.Callback.Delay(1))}}}catch(f){return this.processError(f,a,"Input")}if(a.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Processing math: 100%",0)}a.start=new Date().getTime();a.i=a.j=0;return null},saveScript:function(a,d,b,c){if(!this.outputJax[a.mimeType]){b.MathJax.state=c.UPDATE;throw Error("No output jax registered for "+a.mimeType)}a.outputJax=this.outputJax[a.mimeType][0].id;if(!d.jax[a.outputJax]){if(d.jaxIDs.length===0){d.jax[a.outputJax]=d.scripts}else{if(d.jaxIDs.length===1){d.jax[d.jaxIDs[0]]=d.scripts.slice(0,d.i)}d.jax[a.outputJax]=[]}d.jaxIDs.push(a.outputJax)}if(d.jaxIDs.length>1){d.jax[a.outputJax].push(b)}b.MathJax.state=c.OUTPUT},prepareOutput:function(c,f){while(c.j<c.jaxIDs.length){var e=c.jaxIDs[c.j],d=MathJax.OutputJax[e];if(d[f]){try{var a=d[f](c);if(typeof a==="function"){if(a.called){continue}this.RestartAfter(a)}}catch(b){if(!b.restart){MathJax.Message.Set("Error preparing "+e+" output ("+f+")",null,600);MathJax.Hub.lastPrepError=b;c.j++}return MathJax.Callback.After(["prepareOutput",this,c,f],b.restart)}}c.j++}return null},processOutput:function(h){var b,g=MathJax.ElementJax.STATE,d,a=h.scripts.length;try{while(h.i<a){d=h.scripts[h.i];if(!d||!d.MathJax){h.i++;continue}var c=d.MathJax.elementJax;if(!c){h.i++;continue}b=MathJax.OutputJax[c.outputJax].Process(d,h);d.MathJax.state=g.PROCESSED;h.i++;if(d.MathJax.preview){d.MathJax.preview.innerHTML=""}this.signal.Post(["New Math",c.inputID]);var e=new Date().getTime();if(e-h.start>this.processUpdateTime&&h.i<h.scripts.length){h.start=e;this.RestartAfter(MathJax.Callback.Delay(this.processUpdateDelay))}}}catch(f){return this.processError(f,h,"Output")}if(h.scripts.length&&this.config.showProcessingMessages){MathJax.Message.Set("Typesetting math: 100%",0);MathJax.Message.Clear(0)}h.i=h.j=0;return null},processMessage:function(d,b){var a=Math.floor(d.i/(d.scripts.length)*100);var c=(b==="Output"?"Typesetting":"Processing");if(this.config.showProcessingMessages){MathJax.Message.Set(c+" math: "+a+"%",0)}},processError:function(b,c,a){if(!b.restart){if(!this.config.errorSettings.message){throw b}this.formatError(c.scripts[c.i],b);c.i++}this.processMessage(c,a);return MathJax.Callback.After(["process"+a,this,c],b.restart)},formatError:function(a,c){var b=MathJax.HTML.Element("span",{className:"MathJax_Error"},this.config.errorSettings.message);b.jaxID="Error";if(MathJax.Extension.MathEvents){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown}else{MathJax.Ajax.Require("[MathJax]/extensions/MathEvents.js",function(){b.oncontextmenu=MathJax.Extension.MathEvents.Event.Menu;b.onmousedown=MathJax.Extension.MathEvents.Event.Mousedown})}a.parentNode.insertBefore(b,a);if(a.MathJax.preview){a.MathJax.preview.innerHTML=""}this.lastError=c;this.signal.Post(["Math Processing Error",a,c])},RestartAfter:function(a){throw this.Insert(Error("restart"),{restart:MathJax.Callback(a)})},elementCallback:function(c,f){if(f==null&&(c instanceof Array||typeof c==="function")){try{MathJax.Callback(c);f=c;c=null}catch(d){}}if(c==null){c=this.config.elements||[]}if(!(c instanceof Array)){c=[c]}c=[].concat(c);for(var b=0,a=c.length;b<a;b++){if(typeof(c[b])==="string"){c[b]=document.getElementById(c[b])}}if(c.length==0){c.push(document.body)}if(!f){f={}}return{elements:c,callback:f}},elementScripts:function(a){if(typeof(a)==="string"){a=document.getElementById(a)}if(a==null){a=document.body}if(a.tagName!=null&&a.tagName.toLowerCase()==="script"){return[a]}return a.getElementsByTagName("script")},Insert:function(c,a){for(var b in a){if(a.hasOwnProperty(b)){if(typeof a[b]==="object"&&!(a[b] instanceof Array)&&(typeof c[b]==="object"||typeof c[b]==="function")){this.Insert(c[b],a[b])}else{c[b]=a[b]}}}return c}};MathJax.Hub.Insert(MathJax.Hub.config.styles,MathJax.Message.styles);MathJax.Hub.Insert(MathJax.Hub.config.styles,{".MathJax_Error":MathJax.Hub.config.errorSettings.style});MathJax.Extension={};MathJax.Hub.Configured=MathJax.Callback({});MathJax.Hub.Startup={script:"",queue:MathJax.Callback.Queue(),signal:MathJax.Callback.Signal("Startup"),params:{},Config:function(){this.queue.Push(["Post",this.signal,"Begin Config"]);var b=MathJax.HTML.Cookie.Get("user");if(b.URL||b.Config){if(confirm("MathJax has found a user-configuration cookie that includes code to be run.  Do you want to run it?\n\n(You should press Cancel unless you set up the cookie yourself.)")){if(b.URL){this.queue.Push(["Require",MathJax.Ajax,b.URL])}if(b.Config){this.queue.Push(new Function(b.Config))}}else{MathJax.HTML.Cookie.Set("user",{})}}if(this.params.config){var d=this.params.config.split(/,/);for(var c=0,a=d.length;c<a;c++){if(!d[c].match(/\.js$/)){d[c]+=".js"}this.queue.Push(["Require",MathJax.Ajax,this.URL("config",d[c])])}}if(this.script.match(/\S/)){this.queue.Push(this.script+";\n1;")}this.queue.Push(["ConfigDelay",this],["ConfigBlocks",this],["ConfigDefault",this],[function(e){return e.loadArray(MathJax.Hub.config.config,"config",null,true)},this],["Post",this.signal,"End Config"])},ConfigDelay:function(){var a=this.params.delayStartupUntil||MathJax.Hub.config.delayStartupUntil;if(a==="onload"){return this.onload}if(a==="configured"){return MathJax.Hub.Configured}return a},ConfigBlocks:function(){var c=document.getElementsByTagName("script");var f=null,b=MathJax.Callback.Queue();for(var d=0,a=c.length;d<a;d++){var e=String(c[d].type).replace(/ /g,"");if(e.match(/^text\/x-mathjax-config(;.*)?$/)&&!e.match(/;executed=true/)){c[d].type+=";executed=true";f=b.Push(c[d].innerHTML+";\n1;")}}return f},ConfigDefault:function(){var a=MathJax.Hub.config;if(a["v1.0-compatible"]&&(a.jax||[]).length===0&&!this.params.config&&(a.config||[]).length===0){return MathJax.Ajax.Require(this.URL("extensions","v1.0-warning.js"))}},Cookie:function(){return this.queue.Push(["Post",this.signal,"Begin Cookie"],["Get",MathJax.HTML.Cookie,"menu",MathJax.Hub.config.menuSettings],[function(d){var f=d.menuSettings.renderer,b=d.jax;if(f){var c="output/"+f;b.sort();for(var e=0,a=b.length;e<a;e++){if(b[e].substr(0,7)==="output/"){break}}if(e==a-1){b.pop()}else{while(e<a){if(b[e]===c){b.splice(e,1);break}e++}}b.unshift(c)}},MathJax.Hub.config],["Post",this.signal,"End Cookie"])},Styles:function(){return this.queue.Push(["Post",this.signal,"Begin Styles"],["loadArray",this,MathJax.Hub.config.styleSheets,"config"],["Styles",MathJax.Ajax,MathJax.Hub.config.styles],["Post",this.signal,"End Styles"])},Jax:function(){var f=MathJax.Hub.config,c=MathJax.Hub.outputJax;for(var g=0,b=f.jax.length,d=0;g<b;g++){var e=f.jax[g].substr(7);if(f.jax[g].substr(0,7)==="output/"&&c.order[e]==null){c.order[e]=d;d++}}var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Jax"],["loadArray",this,f.jax,"jax","config.js"],["Post",this.signal,"End Jax"])},Extensions:function(){var a=MathJax.Callback.Queue();return a.Push(["Post",this.signal,"Begin Extensions"],["loadArray",this,MathJax.Hub.config.extensions,"extensions"],["Post",this.signal,"End Extensions"])},Message:function(){MathJax.Message.Init(true)},Menu:function(){var b=MathJax.Hub.config.menuSettings,a=MathJax.Hub.outputJax,d;for(var c in a){if(a.hasOwnProperty(c)){if(a[c].length){d=a[c];break}}}if(d&&d.length){if(b.renderer&&b.renderer!==d[0].id){d.unshift(MathJax.OutputJax[b.renderer])}b.renderer=d[0].id}},Hash:function(){if(MathJax.Hub.config.positionToHash&&document.location.hash&&document.body&&document.body.scrollIntoView){var d=document.location.hash.substr(1);var f=document.getElementById(d);if(!f){var c=document.getElementsByTagName("a");for(var e=0,b=c.length;e<b;e++){if(c[e].name===d){f=c[e];break}}}if(f){while(!f.scrollIntoView){f=f.parentNode}f=this.HashCheck(f);if(f&&f.scrollIntoView){setTimeout(function(){f.scrollIntoView(true)},1)}}}},HashCheck:function(b){if(b.isMathJax){var a=MathJax.Hub.getJaxFor(b);if(a&&MathJax.OutputJax[a.outputJax].hashCheck){b=MathJax.OutputJax[a.outputJax].hashCheck(b)}}return b},MenuZoom:function(){if(!MathJax.Extension.MathMenu){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathMenu.js",{}]),1000)}if(!MathJax.Extension.MathZoom){setTimeout(MathJax.Callback(["Require",MathJax.Ajax,"[MathJax]/extensions/MathZoom.js",{}]),2000)}},onLoad:function(){var a=this.onload=MathJax.Callback(function(){MathJax.Hub.Startup.signal.Post("onLoad")});if(document.body&&document.readyState){if(MathJax.Hub.Browser.isMSIE){if(document.readyState==="complete"){return[a]}}else{if(document.readyState!=="loading"){return[a]}}}if(window.addEventListener){window.addEventListener("load",a,false);if(!this.params.noDOMContentEvent){window.addEventListener("DOMContentLoaded",a,false)}}else{if(window.attachEvent){window.attachEvent("onload",a)}else{window.onload=a}}return a},Typeset:function(a,b){if(MathJax.Hub.config.skipStartupTypeset){return function(){}}return this.queue.Push(["Post",this.signal,"Begin Typeset"],["Typeset",MathJax.Hub,a,b],["Post",this.signal,"End Typeset"])},URL:function(b,a){if(!a.match(/^([a-z]+:\/\/|\[|\/)/)){a="[MathJax]/"+b+"/"+a}return a},loadArray:function(b,f,c,a){if(b){if(!(b instanceof Array)){b=[b]}if(b.length){var h=MathJax.Callback.Queue(),j={},e;for(var g=0,d=b.length;g<d;g++){e=this.URL(f,b[g]);if(c){e+="/"+c}if(a){h.Push(["Require",MathJax.Ajax,e,j])}else{h.Push(MathJax.Ajax.Require(e,j))}}return h.Push({})}}return null}};(function(d){var b=window[d],e="["+d+"]";var c=b.Hub,a=b.Ajax,f=b.Callback;var g=MathJax.Object.Subclass({JAXFILE:"jax.js",require:null,config:{},Init:function(i,h){if(arguments.length===0){return this}return(this.constructor.Subclass(i,h))()},Augment:function(k,j){var i=this.constructor,h={};if(k!=null){for(var l in k){if(k.hasOwnProperty(l)){if(typeof k[l]==="function"){i.protoFunction(l,k[l])}else{h[l]=k[l]}}}if(k.toString!==i.prototype.toString&&k.toString!=={}.toString){i.protoFunction("toString",k.toString)}}c.Insert(i.prototype,h);i.Augment(null,j);return this},Translate:function(h,i){throw Error(this.directory+"/"+this.JAXFILE+" failed to define the Translate() method")},Register:function(h){},Config:function(){this.config=c.CombineConfig(this.id,this.config);if(this.config.Augment){this.Augment(this.config.Augment)}},Startup:function(){},loadComplete:function(i){if(i==="config.js"){return a.loadComplete(this.directory+"/"+i)}else{var h=f.Queue();h.Push(c.Register.StartupHook("End Config",{}),["Post",c.Startup.signal,this.id+" Jax Config"],["Config",this],["Post",c.Startup.signal,this.id+" Jax Require"],[function(j){return MathJax.Hub.Startup.loadArray(j.require,this.directory)},this],[function(j,k){return MathJax.Hub.Startup.loadArray(j.extensions,"extensions/"+k)},this.config||{},this.id],["Post",c.Startup.signal,this.id+" Jax Startup"],["Startup",this],["Post",c.Startup.signal,this.id+" Jax Ready"]);if(this.copyTranslate){h.Push([function(j){j.preProcess=j.preTranslate;j.Process=j.Translate;j.postProcess=j.postTranslate},this.constructor.prototype])}return h.Push(["loadComplete",a,this.directory+"/"+i])}}},{id:"Jax",version:"2.1",directory:e+"/jax",extensionDir:e+"/extensions"});b.InputJax=g.Subclass({elementJax:"mml",copyTranslate:true,Process:function(l,q){var j=f.Queue(),o;var k=this.elementJax;if(!(k instanceof Array)){k=[k]}for(var n=0,h=k.length;n<h;n++){o=b.ElementJax.directory+"/"+k[n]+"/"+this.JAXFILE;if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(o);j.Push(a.Require(o))}o=this.directory+"/"+this.JAXFILE;var p=j.Push(a.Require(o));if(!p.called){this.constructor.prototype.Process=function(){if(!p.called){return p}throw Error(o+" failed to load properly")}}k=c.outputJax["jax/"+k[0]];if(k){j.Push(a.Require(k[0].directory+"/"+this.JAXFILE))}return j.Push({})},needsUpdate:function(h){var i=h.SourceElement();return(h.originalText!==b.HTML.getScript(i))},Register:function(h){if(!c.inputJax){c.inputJax={}}c.inputJax[h]=this}},{id:"InputJax",version:"2.1",directory:g.directory+"/input",extensionDir:g.extensionDir});b.OutputJax=g.Subclass({copyTranslate:true,preProcess:function(j){var i,h=this.directory+"/"+this.JAXFILE;this.constructor.prototype.preProcess=function(k){if(!i.called){return i}throw Error(h+" failed to load properly")};i=a.Require(h);return i},Register:function(i){var h=c.outputJax;if(!h[i]){h[i]=[]}if(h[i].length&&(this.id===c.config.menuSettings.renderer||(h.order[this.id]||0)<(h.order[h[i][0].id]||0))){h[i].unshift(this)}else{h[i].push(this)}if(!this.require){this.require=[]}else{if(!(this.require instanceof Array)){this.require=[this.require]}}this.require.push(b.ElementJax.directory+"/"+(i.split(/\//)[1])+"/"+this.JAXFILE)},Remove:function(h){}},{id:"OutputJax",version:"2.1",directory:g.directory+"/output",extensionDir:g.extensionDir,fontDir:e+(b.isPacked?"":"/..")+"/fonts",imageDir:e+(b.isPacked?"":"/..")+"/images"});b.ElementJax=g.Subclass({Init:function(i,h){return this.constructor.Subclass(i,h)},inputJax:null,outputJax:null,inputID:null,originalText:"",mimeType:"",Text:function(i,j){var h=this.SourceElement();b.HTML.setScript(h,i);h.MathJax.state=this.STATE.UPDATE;return c.Update(h,j)},Reprocess:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.UPDATE;return c.Reprocess(h,i)},Update:function(h){return this.Rerender(h)},Rerender:function(i){var h=this.SourceElement();h.MathJax.state=this.STATE.OUTPUT;return c.Process(h,i)},Remove:function(h){if(this.hover){this.hover.clear(this)}b.OutputJax[this.outputJax].Remove(this);if(!h){c.signal.Post(["Remove Math",this.inputID]);this.Detach()}},needsUpdate:function(){return b.InputJax[this.inputJax].needsUpdate(this)},SourceElement:function(){return document.getElementById(this.inputID)},Attach:function(i,j){var h=i.MathJax.elementJax;if(i.MathJax.state===this.STATE.UPDATE){h.Clone(this)}else{h=i.MathJax.elementJax=this;if(i.id){this.inputID=i.id}else{i.id=this.inputID=b.ElementJax.GetID();this.newID=1}}h.originalText=b.HTML.getScript(i);h.inputJax=j;if(h.root){h.root.inputID=h.inputID}return h},Detach:function(){var h=this.SourceElement();if(!h){return}try{delete h.MathJax}catch(i){h.MathJax=null}if(this.newID){h.id=""}},Clone:function(h){var i;for(i in this){if(!this.hasOwnProperty(i)){continue}if(typeof(h[i])==="undefined"&&i!=="newID"){delete this[i]}}for(i in h){if(!h.hasOwnProperty(i)){continue}if(typeof(this[i])==="undefined"||(this[i]!==h[i]&&i!=="inputID")){this[i]=h[i]}}}},{id:"ElementJax",version:"2.1",directory:g.directory+"/element",extensionDir:g.extensionDir,ID:0,STATE:{PENDING:1,PROCESSED:2,UPDATE:3,OUTPUT:4},GetID:function(){this.ID++;return"MathJax-Element-"+this.ID},Subclass:function(){var h=g.Subclass.apply(this,arguments);h.loadComplete=this.prototype.loadComplete;return h}});b.ElementJax.prototype.STATE=b.ElementJax.STATE;b.OutputJax.Error={id:"Error",version:"2.1",config:{},ContextMenu:function(){return b.Extension.MathEvents.Event.ContextMenu.apply(b.Extension.MathEvents.Event,arguments)},Mousedown:function(){return b.Extension.MathEvents.Event.AltContextMenu.apply(b.Extension.MathEvents.Event,arguments)},getJaxFromMath:function(){return{inputJax:"Error",outputJax:"Error",originalText:"Math Processing Error"}}};b.InputJax.Error={id:"Error",version:"2.1",config:{},sourceMenuTitle:"Error Message"}})("MathJax");(function(l){var f=window[l];if(!f){f=window[l]={}}var c=f.Hub;var q=c.Startup;var u=c.config;var e=document.getElementsByTagName("head")[0];if(!e){e=document.childNodes[0]}var b=(document.documentElement||document).getElementsByTagName("script");var d=new RegExp("(^|/)"+l+"\\.js(\\?.*)?$");for(var o=b.length-1;o>=0;o--){if((b[o].src||"").match(d)){q.script=b[o].innerHTML;if(RegExp.$2){var r=RegExp.$2.substr(1).split(/\&/);for(var n=0,h=r.length;n<h;n++){var k=r[n].match(/(.*)=(.*)/);if(k){q.params[unescape(k[1])]=unescape(k[2])}}}u.root=b[o].src.replace(/(^|\/)[^\/]*(\?.*)?$/,"");break}}f.Ajax.config=u;var a={isMac:(navigator.platform.substr(0,3)==="Mac"),isPC:(navigator.platform.substr(0,3)==="Win"),isMSIE:(window.ActiveXObject!=null&&window.clipboardData!=null),isFirefox:((window.netscape!=null||window.mozPaintCount!=null)&&document.ATTRIBUTE_NODE!=null&&!window.opera),isSafari:(navigator.userAgent.match(/ (Apple)?WebKit\//)!=null&&(!window.chrome||window.chrome.loadTimes==null)),isChrome:(window.chrome!=null&&window.chrome.loadTimes!=null),isOpera:(window.opera!=null&&window.opera.version!=null),isKonqueror:(window.hasOwnProperty&&window.hasOwnProperty("konqueror")&&navigator.vendor=="KDE"),versionAtLeast:function(x){var w=(this.version).split(".");x=(new String(x)).split(".");for(var y=0,j=x.length;y<j;y++){if(w[y]!=x[y]){return parseInt(w[y]||"0")>=parseInt(x[y])}}return true},Select:function(j){var i=j[c.Browser];if(i){return i(c.Browser)}return null}};var g=navigator.userAgent.replace(/^Mozilla\/(\d+\.)+\d+ /,"").replace(/[a-z][-a-z0-9._: ]+\/\d+[^ ]*-[^ ]*\.([a-z][a-z])?\d+ /i,"").replace(/Gentoo |Ubuntu\/(\d+\.)*\d+ (\([^)]*\) )?/,"");c.Browser=c.Insert(c.Insert(new String("Unknown"),{version:"0.0"}),a);for(var t in a){if(a.hasOwnProperty(t)){if(a[t]&&t.substr(0,2)==="is"){t=t.slice(2);if(t==="Mac"||t==="PC"){continue}c.Browser=c.Insert(new String(t),a);var p=new RegExp(".*(Version)/((?:\\d+\\.)+\\d+)|.*("+t+")"+(t=="MSIE"?" ":"/")+"((?:\\d+\\.)*\\d+)|(?:^|\\(| )([a-z][-a-z0-9._: ]+|(?:Apple)?WebKit)/((?:\\d+\\.)+\\d+)");var s=p.exec(g)||["","","","unknown","0.0"];c.Browser.name=(s[1]=="Version"?t:(s[3]||s[5]));c.Browser.version=s[2]||s[4]||s[6];break}}}c.Browser.Select({Safari:function(j){var i=parseInt((String(j.version).split("."))[0]);if(i>85){j.webkit=j.version}if(i>=534){j.version="5.1"}else{if(i>=533){j.version="5.0"}else{if(i>=526){j.version="4.0"}else{if(i>=525){j.version="3.1"}else{if(i>500){j.version="3.0"}else{if(i>400){j.version="2.0"}else{if(i>85){j.version="1.0"}}}}}}}j.isMobile=(navigator.appVersion.match(/Mobile/i)!=null);j.noContextMenu=j.isMobile},Firefox:function(j){if((j.version==="0.0"||navigator.userAgent.match(/Firefox/)==null)&&navigator.product==="Gecko"){var m=navigator.userAgent.match(/[\/ ]rv:(\d+\.\d.*?)[\) ]/);if(m){j.version=m[1]}else{var i=(navigator.buildID||navigator.productSub||"0").substr(0,8);if(i>="20111220"){j.version="9.0"}else{if(i>="20111120"){j.version="8.0"}else{if(i>="20110927"){j.version="7.0"}else{if(i>="20110816"){j.version="6.0"}else{if(i>="20110621"){j.version="5.0"}else{if(i>="20110320"){j.version="4.0"}else{if(i>="20100121"){j.version="3.6"}else{if(i>="20090630"){j.version="3.5"}else{if(i>="20080617"){j.version="3.0"}else{if(i>="20061024"){j.version="2.0"}}}}}}}}}}}}j.isMobile=(navigator.appVersion.match(/Android/i)!=null||navigator.userAgent.match(/ Fennec\//)!=null)},Opera:function(i){i.version=opera.version()},MSIE:function(j){j.isIE9=!!(document.documentMode&&(window.performance||window.msPerformance));MathJax.HTML.setScriptBug=!j.isIE9||document.documentMode<9;var v=false;try{new ActiveXObject("MathPlayer.Factory.1");j.hasMathPlayer=v=true}catch(m){}try{if(v&&!q.params.NoMathPlayer){var i=document.createElement("object");i.id="mathplayer";i.classid="clsid:32F66A20-7614-11D4-BD11-00104BD3F987";document.getElementsByTagName("head")[0].appendChild(i);document.namespaces.add("m","http://www.w3.org/1998/Math/MathML");j.mpNamespace=true;if(document.readyState&&(document.readyState==="loading"||document.readyState==="interactive")){document.write('<?import namespace="m" implementation="#MathPlayer">');j.mpImported=true}}else{document.namespaces.add("mjx_IE_fix","http://www.w3.org/1999/xlink")}}catch(m){}}});c.Browser.Select(MathJax.Message.browsers);c.queue=f.Callback.Queue();c.queue.Push(["Post",q.signal,"Begin"],["Config",q],["Cookie",q],["Styles",q],["Message",q],function(){var i=f.Callback.Queue(q.Jax(),q.Extensions());return i.Push({})},["Menu",q],q.onLoad(),function(){MathJax.isReady=true},["Typeset",q],["Hash",q],["MenuZoom",q],["Post",q.signal,"End"])})("MathJax")}};
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/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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