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Climate Change and Marine Ecosystem Health: Implications for Coastal Communities and Public Health
Abstract
	 The years 2010-2025 have been characterized by an increasing climate crisis resulting in widespread increasing impacts on marine ecosystems and the dependant coastal human communities. This review synthesises the literature of this period and discusses how climate change, marine ecosystems and public health are combined in the network of interlinked impacts reported in the scientific literature. This examination has followed a progression from the earliest studies of the climatic influences on ocean conditions to complex studies of cascading impacts on human communities and concerns for human well-being including physical and mental health and food security. Major climate driven processes e.g. ocean warming, acidification, de-oxygenation and sea-level rise are described, together with resultant changes in marine biodiversity, goods and services. Special emphasis is given to impacts on human health in coastal settings including increased exposure to infectious diseases, of nutritional deficit following loss of fisheries, and increasing impacts of community mental health disorders associated with climate stressors. There is evidence that these impacts are disproportionately distributed to vulnerable populations indicating the need for specific consideration in mitigation and adaptation. Serious gaps in knowledge are evident, together with suggested trajectories for study and implications for policy, which again emphasise the need for transdisciplinary approaches and One Health methodologies to address the complexity of the climate-ocean-human health nexus.
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1. INTRODUCTION
The oceans of the world are vital to humans. They are important in climate regulation, provide food for millions of people, and provide livelihoods for millions of others (Hoegh-Guldberg et al., 2014; Smith et al., 2014). Over the last fifteen years, however, climate change has increased in its pace and has placed great stress on those marine ecosystems. This has created a domino effect, resulting in a most serious crisis for the health of people (Doney et al., 2012; Hassoun et al., 2025; Pörtner et al., 2022).
In fact, the years from 2010 to 2025 represent a great watershed in the scientific view of the human race. We have moved away from looking merely at the ecological impacts to understanding the great health crisis which we face (Falkenberg et al., 2020; McMullen & McWhirter, 2025; Watts et al., 2015). In the earlier part of the years being examined, scientists worked chiefly in the area of documenting the basic physical and chemical changes in the ocean. The large reports such as the Fifth IPCC Assessment Report (AR5) (Hoegh-Guldberg et al., 2014) and the Special Report on the Ocean and Cryosphere (SROCC) (Pörtner et al., 2019) provide clear evidence for this fact. They document that the oceans are constantly warming (Venegas et al., 2023), that there is a rapid increase in the height of sea levels (Neumann et al., 2015), and that there is a widespread acidification of oceans (Doney et al., 2020; Hall-Spencer & Harvey, 2019). This area of research lends itself to a well-determined linkage between our human-caused emissions of greenhouse gases and the degradation of our marine environments (Gattuso et al., 2015; Nordhaus, 2017).
As the years of the decade have passed, the research has changed rather dramatically. Scientists have now gone to the study of the ecological effects of these varied changes. There have been numerous studies on such things as the documentation of large-scale onshore coral bleaching events (Hughes et al., 2017), the change in habitat where species occur (Poloczanska et al., 2013), and the loss of marine biodiversity (Hassoun et al., 2025). The greatest worry here was of the health of the ocean itself. The effects on the health of society were regarded as a secondary issue (Elliott, 2014). The later part of the years 2010 to 2025, however, has witnessed a rethinking on these matters. There has been a general realization that there exists a deep interrelationship between our health and that of the oceans (AAMC, 2023; Falkenberg et al., 2020; McMichael, 2012).
The forced change of thought has been due to several causes. There have been disastrous climate effects in coastal areas which have been ever more frequent and noted by their severity (Hallegatte et al., 2013). There has been a mounting evidence as to how food and water security is interfered with by climate change (Climate and Health Alliance, 2023; Mirzabaev et al., 2023; Shams & Shohel, 2016). There has also been a new emphasis on the problem of the mental health of the population, affected by climate change (Berry et al., 2010; Doherty & Clayton, 2011; Kabir et al., 2024). Recent studies have shown in a direct way how that coastal populations, the most vulnerable, bear the heaviest part of the burden (AAMC, 2023; Neumann et al., 2015), and it is the climate justice and health equity approaches to the matter which is directed to the front (Costello et al., 2009; Smith et al., 2014).
This review gives a summary of the scientific literature from the years 2010 to 2025 on the intimate relationship of health, marine health and climate. The first part will be a brief look at the major climatic changes and their impact on marine life, as shown in the major reports from those years (Hoegh-Guldberg et al., 2014; Pörtner et al., 2019, 2022). There will next be seen the timing and importance of the effects seen on human society, documentation chiefly in health aspects, such as disease, nutrition and mental well-being as in (AAMC, 2023; Falkenberg et al., 2020; Smith et al., 2014). Finally in this review, will be seen the new adaptations and mitigating responses (Adger et al., 2005; Engle, 2011; Moser & Ekstrom, 2010), with the needed gaps in research which there are (McMullen & McWhirter, 2025; Rockström et al., 2009).
2. METHODOLOGY
This review employed a systematic literature synthesis approach to analyze the scientific knowledge developed between 2010 and 2025 on the interconnected impacts of climate change, marine ecosystems, and public health. A literature search was performed in databases including Web of Science, Scopus, PubMed, and Google Scholar. Search terms included combinations of “climate change,” “marine ecosystems,” “ocean acidification,” “sea-level rise,” “coastal communities,” “public health,” “food security,” and “mental health.” Criteria for inclusion were: (1) peer-reviewed original research articles, reviews, and meta-analyses; (2) major assessment reports from international bodies including the IPCC and FAO; (3) papers in English; and (4) studies addressing explicitly the nexus between a climate-driven marine impact and a human health impact. Exclusion criteria were: (1) articles published outside the time frame of 2010 to 2025; (2) non peer-reviewed sources including editorials, conference abstracts, and popular media sources (unless cited in context); (3) studies that had exclusive focus on terrestrial or freshwater ecosystems; and (4) research that failed to establish an explicit connection between marine environmental change and human well-being. The literature was then synthesized for the purposes of determining the important themes, mapping the trajectory of research emphasis, and detailing key knowledge gaps so as to suggest likely trajectories for future inquiry.
3. CLIMATE CHANGE IMPACTS ON MARINE ECOSYSTEMS
There is abundant scientific evidence from 2010 to 2025 for the serious unmitigated impacts of climate change on the marine ecosystems of our oceans (Doney et al., 2012; Hassoun et al., 2025; Trégarot et al., 2024). Four forces are driving this change: ocean warming, ocean acidification, ocean deoxygenation and rising oceans. Each produces its own destructive effects, and because of interactions, the situation is complicated (Pörtner et al., 2019, 2022).
3.1 Ocean warming
The ocean has absorbed more than 90% of the additional heat from human emissions. This has contributed to a continuous and accelerating increase in sea temperature (Pörtner et al., 2019; Venegas et al., 2023). The warming is not uniform across the globe; some areas, like the Arctic, warm much more rapidly (Pörtner et al., 2019). The impacts are broadly felt, from mass coral bleaching, which has destroyed reefs (Hughes et al., 2017), to species moving poleward, which disrupts whole food webs and fisheries (Poloczanska et al., 2013).
3.2 Ocean acidification
The ocean's chemistry is altered, and its pH drops as it takes up more atmospheric CO₂. This is called ocean acidification (EPA, 2025; Hall-Spencer & Harvey, 2019; NOAA, n.d.). This is sometimes referred to as the "osteoporosis of the sea" because it makes it harder for organisms such as corals, shellfish, and some plankton to construct shells and skeletons (Doney et al., 2020; Hall-Spencer & Harvey, 2019). Studies have shown that acidification has negative effects on the juvenile stages of many commercially important species. This presents serious issues for the future of marine food supplies (Cooley & Doney, 2012; Falkenberg et al., 2020).
3.3 Deoxygenation
Warmer water cannot hold as much dissolved oxygen. In addition, there is a greater stability of the oceanic layers, which limits the mixing of oxygen from the surface to deeper waters (Pörtner et al., 2019). This has led to the extension of oxygen minimum zones (OMZs, or dead zones) in oceans globally. In these zones most marine life is unable to survive (Breitburg et al., 2018). Deoxygenation is a major threat to marine biodiversity and can hurt fisheries, as fish are forced to move for oxygenated waters (Breitburg et al., 2018).
3.4 Sea-level rise
The global rise in sea levels is accelerating. This is caused by both the thermal expansion of ocean water caused by warming and the melting of glaciers and ice sheets (Neumann et al., 2015; Pörtner et al., 2019). Rising seas have severe impacts on coastal ecosystems. They cause loss of estuaries and mangrove forests, which are important habitats and natural storm barriers (Trégarot et al., 2024; Wong et al., 2014). This rising also causes saltwater intrusion into freshwater sources threatening drinking water as well as farming (Shams & Shohel, 2016).
They are not independent of one another, and they interact with other human impacts such as pollution, or overfishing. Together, they cause a perfect storm for marine ecosystems (Halpern et al., 2025; Wei et al., 2023). Predicting the future of marine organisms is notoriously difficult, but predictions are therefore futile. We are heading for a profound and likely permanent change (Gattuso et al., 2015; Halpern et al., 2025; Hassoun et al., 2025)
3.5 The Compounding Effects of Multiple Stressors
The individual effects of oceanic warming, acidification, deoxygenation, and sea level rise are all significant but strongly supported by research coming from 2010-25, which indicates that they seldom act alone. Rather, they interact in complex ways, giving rise to synergistic or antagonistic interactions, often in excess of those predicted from the study of either factor alone . (Gunderson et al., 2016; Kwiatkowski et al., 2020). The understanding of these interactions is fundamental to the proper assessment of vulnerability of marine ecological systems and the development of effective management strategies.
Multiple stressors is a word used to describe the simultaneous or sequential addition of environmental pressures that may affect organisims (Breitburg and Riedel, 2005). In climate change text, the core marine stressors are commonly termed the ‘deadly trio’ of warming, acidification and deoxygenation."(Pörtner 2021) The former and latter stressors are physicochemically intertwined. Warmer water, for instance, has a lower capacity to hold dissolved oxygen and thereby directly contributes to deoxygenation. If sufficient to overcome counteracting processes, the combined impacts of these multiple stressors can drive marine life beyond tolerance thresholds more rapidly than single drivers acting on their own.
Indivisibility and the roles of social–ecological systemsResearch has demonstrated that stresses resulting from servalanne, indigenous culture.inddividua pressures on the environment often interact in a synergistic way such that their total effects exceed their sum (Wedding et al., 2022). For example:
Warming and Acidification: Increased temperature with a decrease in pH can increase the detrimental impact on calcifying organisms, such as corals and shellfish. Ocean warming and acidification can lead to coral bleaching and carbonate salts necessary for skeleton forming will be less available because carbonate ions will decrease. Combined, these stresses may precipitate rapid degradation of reef health and recovery potential (Rosa & Seibel, 2008).
Warming and Deoxygenation: Warmer ocean temperatures lead to higher metabolic rates in many marine organisms, making them use more oxygen. At the same time, warmer water holds less oxygen dissolved in it and that generates a metabolic squeeze, which ultimately can cause habitat squeeze and mortality of organisms with low motility (Pörtner, 2021).
 Acidification and Deoxygenation: Synergy between acidification and deoxygenation is particularly harmful. Low pH and low oxygen can enhance each other. The combination has a potential negative effect on the early stage of fish and invertebrates life, such as development, growth and survival (Yorifuji et al., 2024).
These multiple stressors do not just affect individual organisms; they can alter entire ecosystems. The synergistic effects of warming, acidification, and deoxygenation can lead to shifts in species distribution, changes in food web dynamics, and a decline in overall biodiversity and ecosystem productivity (Kwiatkowski et al., 2020). Furthermore, these climate-related stressors interact with other anthropogenic pressures, such as pollution and overfishing, creating a perfect storm that threatens the stability of marine ecosystems and the services they provide to humanity.
Clarifying these complex causal pathways is a key research priority. Future studies must move beyond single-stressor experiments to embrace a more holistic, multi-stressor approach that reflects the reality of our changing oceans. This will require a combination of laboratory experiments, field observations, and advanced modeling to unravel the intricate web of interactions and inform the development of more robust and effective conservation and management strategies.
Table 1. Summary of Primary Climate Drivers and Their Cascading Impacts
	Climate Driver
	Core Physical/Chemical Change
	Key Ecological Impact
	Primary Consequence for Human Systems

	Ocean Warming
	Increased sea surface & deep water temperature; thermal stratification.
	Coral bleaching; poleward species migration; disruption of food webs.
	Decline in fisheries catch; loss of tourism revenue; altered fish distribution.

	Ocean Acidification
	Decrease in seawater pH due to CO₂ absorption.
	Impaired shell/skeleton formation in calcifying organisms (e.g., corals, shellfish, and plankton).
	Threat to aquaculture (shellfish farms); destabilisation of marine food chains.

	Deoxygenation
	Reduced dissolved oxygen content in seawater.
	Expansion of Oxygen Minimum Zones ("dead zones"); habitat compression for fish.
	Reduced fish stocks; forcing fish into new, sometimes less accessible, areas.

	Sea-Level Rise
	Increased ocean volume from thermal expansion & ice melt.
	Erosion of coastlines; loss of wetlands & mangroves; saltwater intrusion.
	Coastal flooding & infrastructure damage; loss of land; contamination of drinking water.

	

	


4. IMPACTS ON COASTAL COMMUNITIES
Coastal communities are among the first to feel the effects of climate change. Nearly 40% of the global population lives in these areas (Neumann et al., 2015). The degradation of marine ecosystems has a significant and varied impact on their lives and livelihoods (AAMC, 2023; Wong et al., 2014).


4.1 Food Security
Fish is the prime source of protein and essential nutrients for many coastal communities, especially in developing countries (Barange et al., 2018; Golden et al., 2016). The decline in fish populations due to changes in the oceans thus directly threatens their food security (Bell et al., 2013; Climate and Health Alliance, 2023; Mirzabaev et al., 2023; ScienceDaily, 2017; Sumaila et al., 2011). As fish stocks migrate into cooler waters, conflicts arise between fishing countries, disrupting traditional ways of living (Allison et al., 2009; Weatherdon et al., 2016).
4.2 Economic Livelihoods
The health of the oceans is essential to the economies of many coastal areas (Hoegh-Guldberg et al., 2014). For instance, the loss of coral reefs is threatening the tourism industry which is a major source of income for many tropical countries (Cinner et al., 2016). The loss of various fisheries also creates grave economic hardship. Small-scale fishers in particular are badly affected because they have few other alternatives (Allison et al., 2009; Barange et al., 2018).
4.3 Infrastructure and Coastal Protection
Ecosystems on the coast are a natural coastal defence. Coral reefs, mangroves and wetlands are protection against storms and rising sea levels (Wong et al., 2014). As these ecosystems become damaged, coastal communities are more and more exposed to extreme weather events (Hallegatte et al., 2013; Hinkel et al., 2014; Trégarot et al., 2024). This increases flooding, erosion and damage to important infrastructure such as housing, roads and hospitals (AAMC, 2023; Hinkel et al., 2014).
4.4 Water Security
Increasing sea levels result in salt intrusion into fresh water aquifers, threatening both drinking water supplies and coastal agriculture (AAMC, 2023; Shams & Shohel, 2016). This problem is particularly acute in low-lying areas and small island states where the supply of fresh water is limited (Pörtner et al., 2019; Wong et al., 2014).


4.5 Displacement and Migration
In the most severe cases, climate change is forcing people to leave their homes (Black et al., 2011; Foresight, 2011). The loss of land, the collapse of vital ecosystem services, and more frequent extreme weather events are all contributing to a growing number of climate refugees (Black et al., 2011). This creates new social and political challenges, as host communities often find it difficult to support the new arrivals (Foresight, 2011).
5. PUBLIC HEALTH IMPLICATIONS
The consequences of marine ecosystem destruction for public health are severe and extensive (McMichael, 2012; Watts et al., 2015). There has been a rapid development in understanding these links over the last 15 years which has highlighted the health dimension of the climate emergency (AAMC, 2023; Falkenberg et al., 2020; McMullen & McWhirter, 2025).
5.1 Infectious Diseases
Changes in water temperature and chemistry may create conditions favourable for harmful bacteria and viruses. They can also lead to harmful algal blooms that produce toxins (AAMC, 2023; Smith et al., 2014). This increases the risk for infectious diseases such as cholera, vibriosis, and ciguatera fish poisoning (Smith et al., 2014). A further major public health concern is contamination of drinking water (AAMC, 2023).
5.2 Nutrition and Malnutrition
The nutritional status of coastal populations is directly affected by falling fish catches. This is particularly true for those who depend on fish for proteins and vital nutrients (Climate and Health Alliance, 2023; Golden et al., 2016). This results in an increased risk for malnutrition, particularly in children and pregnant women (Golden et al., 2016; Mirzabaev et al., 2023). This food insecurity leads to other health problems, including stunting and deficiencies of micronutrients (Mirzabaev et al., 2023).
5.3 Mental Health
The psychological impact on coastal communities is also huge (Berry et al., 2010; Doherty & Clayton, 2011; EPA, 2025; Fritze et al., 2008; Kabir et al., 2024). People are losing their homes, livelihoods, and cultural properties which is leading to high anxieties, depressions, and post-traumatic stress syndrome (PTSD) (Kabir et al., 2024). The ongoing stress of living with the threat of climate calamities has an important impact on well-being (Berry et al., 2010; Kabir et al., 2024). It is found in recent studies that this burden of mental health is wholly disproportionate for vulnerable populations such as children, women and indigenous peoples (EPA, 2025; Kabir et al., 2024).
5.4 Non-Communicable Diseases
The consequences of climate change can additionally amplify the risk of non-communicable diseases (NCDs) (Smith et al., 2014). For example, perturbations of local food systems can induce individuals to consume less healthy diets. This elevates the risk of obesity, diabetes and heart disease (Mirzabaev et al., 2023; Smith et al., 2014). Furthermore, stress from climatic disasters can contribute to NCDs by affecting such bodily variables as blood pressure, inflammation and others (Watts et al., 2015).

Table 2. The Climate-Marine-Health Nexus: Pathways from Ecosystem Change to Public Health Outcomes
	Impact on Marine Ecosystem
	Consequence for Coastal Community Service
	[bookmark: _GoBack]Resulting Public Health Outcome(s)

	Decline in coral reef health & fish stocks
	Reduced availability of seafood as a primary protein source.
	Malnutrition; micronutrient deficiencies; stunting in children.

	Degradation of coastal wetlands/mangroves
	Loss of natural barriers against storm surges and flooding.
	Physical injury from extreme weather; displacement; water-borne infectious diseases (e.g., cholera).

	Warmer waters favouring pathogenic bacteria & harmful algal blooms
	Contamination of seafood and recreational waters.
	Increased risk of vibriosis, ciguatera fish poisoning, and other toxin-related illnesses.

	Loss of livelihood, land, and cultural sites
	Economic distress, forced migration, and loss of identity.
	Anxiety, depression, post-traumatic stress disorder (PTSD), and other mental health conditions.


6. VULNERABLE POPULATIONS AND EQUITY
The impacts of the climate-marine-health crisis are not felt equally. Unfortunately, this is a story of tremendous injustice. Vulnerable populations bear the brunt of these impacts, including the poor, women, children, the elderly, and indigenous populations (AAMC, 2023; Allison et al., 2009; EPA, 2025; Kabir et al., 2024; Smith et al., 2014). Often they have the least amount of resources available to adapt to the changes they face (Engle, 2011; Moser & Ekstrom, 2010). They are frequently not included in the decision-making processes that govern their lives (Costello et al., 2009).
Therefore, the issue of climate justice is central to this discussion (Costello et al., 2009; Smith et al., 2014). Addressing these inequities is a moral imperative, but it is also essential for creating resilient, sustainable coastal societies (Adger et al., 2005). This effort must be systematic and geared toward the empowerment of vulnerable populations. It is vital that they be included in decision-making and provision of the resources to enable them to adapt to these changes (Engle, 2011; McMullen & McWhirter, 2025).
7. ADAPTATION AND MITIGATION STRATEGIES
A two-pronged approach is necessary to solve this crisis: adaptation and mitigation (Elliott, 2014; Watts et al., 2015). Adaptation strategies help coastal communities adapt to the impacts of climate change, which are currently being felt (Engle, 2011; Moser & Ekstrom, 2010). Mitigation strategies, on the other hand, seek to reduce greenhouse gas emissions in order to prevent similar impacts in the future (Nordhaus, 2017; Rockström et al., 2009).
Many adaptation strategies are being implemented in coastal communities. One key adaptation strategy is ecosystem-based adaptation. This involves saving and restoring natural defense mechanisms like mangroves and coral reefs (Cinner et al., 2016; Wong et al., 2014). Another strategy is to build hard infrastructure, like seawalls and elevated buildings (Hallegatte et al., 2013; Hinkel et al., 2014). Other important adaptations include development of early warning systems for storms (AAMC, 2023), helping communities to diversify their livelihoods so they are not so dependent on fishing (Allison et al., 2009; Barange et al., 2018), and strengthening the local health systems to better deal with climate-related health problems (AAMC, 2023; McMullen & McWhirter, 2025; Watts et al., 2015).
The most effective long-term solution is mitigation; this requires a world shift to a low-carbon economy by phasing out fossil fuels and scaling up renewable energy (Gattuso et al., 2015). The Paris Agreement, which was signed in 2015, gives a framework for this, but much bolder action is required to meet its goals (Gattuso et al., 2015).
Table 3. A Critical Comparison of Adaptation and Mitigation Strategies
	Strategy Type
	Approach & Example
	Scale of Implementation
	Key Challenges & Debates

	Adaptation
	Ecosystem-Based: Mangrove restoration.
	Local to Regional
	Long-term effectiveness; requires community buy-in; land-use conflicts.

	
	Hard Infrastructure: Construction of seawalls.
	Local
	High cost; risk of maladaptation (e.g., causing erosion elsewhere); ecological disruption.

	
	Social/Institutional: Early warning systems for storms.
	Local to National
	Requires robust communication infrastructure; ensuring access for marginalised groups.

	Mitigation
	Global Policy: Paris Agreement & national emissions targets.
	Global to National
	Lack of enforcement mechanisms; insufficient ambition in current commitments.

	
	Nature-Based Solutions: "Blue Carbon" (seagrass/mangrove conservation).
	Local to National
	Scaling challenges; accurate carbon accounting; requires long-term protection guarantees.



8 POLICY INTEGRATION FRAMEWORKS: FROM GLOBAL GOALS TO LOCAL RESILIENCE

When local efforts align with a global policy framework, the efficiency of adaptation and mitigation strategies is also greatly improved. Embedding international conventions (e.g., United Nations Sustainable Development Goals, SDGs, and the Paris Agreement) into national and local coastal resilience strategies is an effective roadmap for sustainable development integration (Pasindu et al., 2025; Rometius & Wei, 2025). This fusion serves to mobilize resource flows, inform policies and to channel climate action into broader frameworks of poverty reduction, economic development and environmental protection
The Paris Agreement, which is built on Nationally Determined Contributions (NDCs), provides a flexible framework that allows countries to define their own climate targets and objectives. Opportunities arise for coastal nations to incorporate directly into their national climate action plans (NAPs) marine and coastalecosystem-based adaptation and mitigation efforts (UNFCCC, 2021). In doing so, they can access international climate finance and technical support to carry out projects that protect and restore coastal habitats like mangroves, coral reefs and seagrass beds that are crucial for both carbon storage and for protecting coastlines (Jacquemont, 2022).
Likewise, the 2030 Agenda for Sustainable Development and especially SDG14 (Life Below Water) and 13 (Climate Action) fits into a broad framework for good governance of ocean sustainability. The integrated nature of the SDGs implies that with regard to marine ecosystems measures taken have implications for other relevant goals as e.g. SDG 1: No Poverty, SDG 2 Zero Hunger and SDG 3 Good Health and Well-being (Dzebo et al., 2019). Restoring a coastal fishery is one, which not only contributes to SDG 14 but also has the potential to improve food security and livelihoods for communities that depend on the coast.
But there is no smooth passage of these international systems to the local level. It calls for effective governance mechanisms, multi-stakeholder engagement and translating high level objectives into direct context related activity (Rölfer, 2022). Efficient integration is often synonymous with polycentric governance in which local, regional and national bodies collaborate or work through civil society, the private sector, and research organizations to co-develop and implement resilience strategies (Nandy & Islam, 2010). This shared model guarantees that local knowledge and community priorities guide decision-making, while meeting nationally and internationally endorsed obligations
In summary, we need to build the architectural centrepieces of integrated policy instruments that can bridge the global agreement – local action chasm; pragmatic ones that actually deliver change in climate-ocean-health. By incorporating the goals of Paris and the SDGs into their coastal resilience planning, countries can open opportunities for sustainable development, bolster their own coasts' defenses against climate change and advance global efforts to address it.
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                       Fig 2:  The Climate–Marine Ecosystem–Public Health Nexus and Adaptation Pathways

9. RESEARCH GAPS AND FUTURE DIRECTIONS
Although there have been some advances, there are still considerable gaps in our knowledge. First, data are limited that connect climate change, marine ecological integrity and human health. Useful data would require cohesive research among different fields of science (Elliott, 2014; McMullen & McWhirter, 2025). Second, we still have only a vague understanding how various stressors affect each other and also the ecosystem and human beings (Halpern et al., 2025; Wei et al., 2023). Third, we know little of the precise effects on vulnerable populations and how viable alternative adaptation strategies can be developed (EPA, 2025; Kabir et al., 2024; Moser & Ekstrom, 2010).
Finally, we do not have enough evidence as to how efficient the different adaptation strategies really are. This requires increased research rigor with monitoring and evaluation (Engle, 2011; Moser & Ekstrom, 2010). Future research needs to concern itself with these topics. It should continue to promote inter-discipline teamwork, community based focus and develop disaster solutions of a practical nature that can be utilized on a wide scale (Elliott, 2014; Gassett et al., 2021; McMullen & McWhirter, 2025).
Table 4. Key Research Gaps and Future Directions for Investigation
	Identified Research Gap
	Key Question to be Addressed
	Suggested Methodological Approach
	Relevance to Policy & Action

	Integrated Data & Causal Pathways
	How can we quantify the link between a specific fish stock's decline and nutritional outcomes in children under five?
	Transdisciplinary longitudinal studies; integrated assessment modelling (IAMs).
	Provides evidence for targeted nutritional support programmes and fisheries management.

	Synergies & Tipping Points
	At what threshold of combined warming and acidification does a key coastal ecosystem (e.g., a reef) face irreversible collapse?
	Field-based mesocosm experiments; advanced ecological and climate modelling.
	Informs the setting of urgent, localised conservation priorities and emission targets.

	Effectiveness of Adaptation
	What is the long-term socio-economic and ecological return on investment for mangrove restoration versus a concrete seawall?
	Rigorous monitoring and evaluation (M&E) frameworks; cost-benefit analyses that include ecosystem services.
	Guides investment towards more sustainable and effective coastal protection measures.

	Vulnerable Populations
	How do cultural factors and traditional knowledge shape the resilience of indigenous communities to marine changes?
	Community-based participatory research (CBPR); ethnographic and qualitative studies.
	Ensures that adaptation strategies are culturally appropriate, just, and effective.

	
	
	
	



10. CONCLUSION
The period from 2010 to 2025 has been of particular importance for a better understanding of the problems emerging from the climate-marine-health interface (Doney et al., 2012; Hassoun et al., 2025; Pörtner et al., 2022). The data now is irrefutable. Climate change has a devastating and escalating effect on marine ecosystems with catastrophic consequences for near shore and coastal human populations (Pörtner et al., 2019, 2022; Trégarot et al., 2024). The public health consequences are enormous including the dissemination of diseases, increasing malnutrition and mental health problems (AAMC, 2023; Doherty & Clayton, 2011; Falkenberg et al., 2020; Mirzabaev et al., 2023; Smith et al., 2014).
The only way this crisis can be averted is by all working in concert at all levels from local to international (Costello et al., 2009; Elliott, 2014; Watts et al., 2015). Those responsible for climate action need to work urgently to reduce greenhouse gas emissions (Gattuso et al., 2015; Nordhaus, 2017; Rockström et al., 2009). In concert with this, it is necessary to invest in adaptation strategies so that coastal communities will be resilient to impacts that are here already (Adger et al., 2005; Engle, 2011; Moser & Ekstrom, 2010). For this to happen, a paradigm shift in the management of our oceans is required to accept that the health of our planet and the health of its peoples is one and the same (Falkenberg et al., 2020; McMichael, 2012; Smith et al., 2014). The challenges are enormous, and so too are the opportunities for innovative and positive change (Elliott, 2014; McMullen & McWhirter, 2025). The choices we make today will determine the fate of our oceans and coastal communities (Gattuso et al., 2015; Rockström et al., 2009).
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