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Abstract 

Marine Protected Areas (MPAs) are important tools for safeguarding biodiversity, sustaining 

ecosystem services, and supporting the resilience of marine social-ecological systems. Yet as 

climate change intensifies, MPAs can only achieve long-term effectiveness if climate 

considerations are deeply embedded in their design, management, and governance. Drawing on 

structured expert workshops across Europe, this study identifies the scientific, governance, and 

socio-economic dimensions required for making MPAs “climate-ready” and offers strategic 

priorities and actionable recommendations to support their implementation. Across the 

workshops, experts emphasized that for MPAs to be resilient to future climate impacts and 

support adaptation in coastal and marine environments, they must be ecologically robust, socially 

inclusive, supported by coherent governance frameworks, and capable of adapting to changing 

ocean conditions. To achieve these qualities, we outline four strategic priorities: (1) improving 

ecological monitoring and climate-informed spatial planning including attention to connectivity 

and climate refugia; (2) embedding equity and participatory governance to enhance social 

legitimacy; (3) aligning legal and institutional frameworks across sectors and scales; and (4) 

securing sustainable, long-term financing. Building on these priorities, our transdisciplinary 

process generated eleven recommendations, categorized by urgency and role in implementation 
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as foundational, enabling, or long-term strategic actions. Together, the results provide a pathway 

for strengthening the climate-readiness of MPAs and MPA networks in Europe and beyond, by 

enhancing their scientific foundations and social legitimacy, improving governance alignment, 

and enabling adaptive management under climate change.  

Introduction 

Marine ecosystems are increasingly strained by cumulative anthropogenic pressures including 

overfishing, pollution, habitat degradation, and invasive species, which challenge their ecological 

resilience, that is their capacity to absorb impacts of disturbances, reorganise, and adapt. These 

trends are clearly evident both in European seas1, and globally2. Climate change exacerbates 

these stressors through ocean warming, acidification, deoxygenation, sea-level rise, and more 

frequent extreme events.  

Critically, these climate-driven changes often interact with other anthropogenic stressors in ways 

that amplify their impacts, producing cascading ecological effects that disrupt food webs, reduce 

habitat stability, and drive species redistributions and declines3. Collectively, these 

transformations challenge the ability of marine ecosystems to deliver key functions and services 

(e.g. regulation or food provisioning), increasing their vulnerability to further degradation and 

diminishing the societal benefits they provide4. Climate change and biodiversity loss therefore 

constitute mutually reinforcing threats that demand management approaches that are both 

integrative and adaptive5–10.  

Marine Protected Areas (MPAs), geographically defined zones with explicit conservation 

objectives, are widely recognised as important tools to address these dual crises due to their 

potential to safeguard biodiversity and enhance resilience to climate impacts11,12. This recognition 

has driven global and regional commitments, including the EU’s target to protect 30% of marine 

areas by 20304,13,14. When strategically designed and effectively managed, MPAs have 

demonstrated to deliver a wide range of ecological and socio-economic benefits15,16.  

Ecologically, MPAs can strengthen biodiversity and maintain key ecological functions, for example 

by supporting ecological connectivity and providing protection for habitats and species sensitive 

to climatic stress17. They can function as climate refugia when strategically located in areas more 

buffered from climate extremes or human pressures18. MPA networks that integrate highly-

protected sites (e.g. Strong Protection Zones, IUCN Category Ia/Ib) within biodiversity hotspots 

and ensure strong ecological connectivity, are better positioned to  support species migration, 

help maintain genetic diversity, and facilitate adaptation to shifting conditions19,20. These benefits 

depend on the ecological processes that underpin species persistence, movement, and 

interactions across seascapes. Scientific understanding has advanced for both the ecological 

effects of protection and for key ecological processes shaped by climate change, particularly 
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species-specific responses such as range shifts21. However, many others, including trophic 

interactions and ecosystem-level dynamics, remain understudied2,22. This uncertainty increases 

the importance of precautionary, forward-looking planning that accounts for anticipated climate-

driven changes.  

Socio-economically, MPAs can support sustainable livelihoods, strengthen community well-being, 

and contribute to more equitable resource use23,24. Evidence shows that MPAs can increase fish 

biomass and landings in adjacent areas through “spillover” effects, thereby supporting food 

security and local income, as well as activities such as eco-tourism and small-scale marine 

enterprises that depend on healthy marine ecosystems25–28. By safeguarding carbon-rich and 

structurally important habitats (e.g. seagrass meadows, saltmarshes), MPAs contribute to climate 

mitigation by preventing carbon loss from habitat degradation, while also supporting societal 

adaptation by reducing exposure to coastal hazards and strengthening the resilience of coastal 

communities29. In addition, by conserving species and seascapes, MPAs sustain non-material 

values important for community identity, recreation, education, and well-being15,30,31. Many of 

these socio-economic benefits are closely linked to underlying ecological processes, underscoring 

the need for integrated approaches. Realising these benefits requires governance arrangements 

that embed participation and equity, ensure sustained local capacity for adaptive management, 

and explicitly integrate socio-economic resilience into MPA design and management. 

Yet despite progress in increasing MPA coverage globally, persistent implementation challenges 

continue to limit their effectiveness. Many MPAs remain "on paper parks" that provide only weak 

or poorly enforced protection from human pressures32,33, leading to limited ecological recovery 

and unrealised socio-economic benefits. In European seas, over 80% of MPAs regulate human 

activities to a minimal extend, constraining their effectiveness in reaching intended conservation 

goals as well as their ability to address intensifying climate pressures34. As climate change 

reshapes marine ecosystems by altering physical, chemical, and biological conditions, overall 

ecosystem structure changes (e.g. changing species distribution, abundance and community 

composition), and key ecological functions and interactions are being modified35. These dynamics 

can undermine the original rationale for many MPAs, as the ecological features or species they 

were intended to protect may no longer remain stable in space or time. Since most MPAs were 

established under assumptions of relative ecological stability, with fixed spatial boundaries and 

static conservation targets, they risk becoming increasingly misaligned with the dynamic 

ecosystems they aim to conserve34,36. Under high-emission scenarios, up to 87% of European 

MPAs and 80% of protected marine species may face unseen or extreme climatic conditions, 

potentially undermining conservation goals and compromising long-term ecological stability36. 

This raises fundamental questions about the long-term adequacy of current MPA boundaries, 

design principles, network configurations and governance arrangements for sustaining 

biodiversity and ecosystem functioning under future climate conditions. 
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In practice, MPA effectiveness is further undermined by limited integration of climate-resilience 

considerations, fragmented governance, insufficient enforcement, and complex trade-offs 

between conservation objectives and local resource use37. Most MPAs still lack explicit 

mechanisms to address climate-driven ecological change, and climate adaptation remains 

inconsistently integrated into planning and management, contributing to a persistent 

implementation gap38–40. These challenges are compounded by the absence of coordinated, 

climate-relevant monitoring systems to support adaptive management41, and by the widespread 

neglect of ecological connectivity as a functional design principle. This includes Europe, where 

empirical evidence shows that connectivity among MPAs remains weak and poorly aligned with 

species' shifting distributions (when known)42,43. Rigid institutional arrangements further 

constrain adaptive responses. In Europe, fragmented institutional responsibilities and limited 

integration with climate policy instruments, for example National Adaptation Plans or the EU 

Climate Adaptation Strategy13, constrain responsiveness. These governance limitations are 

compounded by persistent shortfalls in capacity and funding, constraining coherent adaptation 

planning in MPAs in Europe and globally44.  

Although the need for MPAs that are both climate-responsive and provide adaptation benefits is 

increasingly recognised, operational pathways for implementation remain limited. Some 

literature and guidance have emerged recently45,46, but specificity for regional governance and 

legal contexts is often lacking and the integration of ecological, socio-economic, and governance 

dimensions is only partially addressed. There are emerging examples of good practice including 

valuable climate-ready approaches in MPAs, several of which are summarised in Supplementary 

Information I. These offer insights into specific attributes of climate-readiness but do not provide 

the comprehensive, cross-dimensional guidance that managers require. This includes clarity on 

which adaptation measures should be prioritised, how they can be operationalised, and how 

climate-adaptation principles can be translated into concrete decisions on spatial design, 

governance processes, legal mandates, cross-sectoral coordination, and monitoring and learning 

systems. To date, there is no integrated, practice-oriented synthesis that consolidates science-

based priorities for designing, governing, and adaptively managing MPAs under climate change.  

This study helps to address this gap by synthesising multidisciplinary expert knowledge to identify 

key priorities and actionable pathways for operationalising climate-ready MPAs. We use the term 

climate-ready to describe protected areas explicitly designed and adaptively managed to monitor, 

anticipate, and respond to climate impacts such as ocean warming, acidification, deoxygenation, 

and shifting species distributions. Making MPAs climate-ready highlights the adaptive, 

procedural, and learning-oriented aspects of management that are necessary for responding to 

climate change but are not consistently embedded in existing terminology or current 

management practice. In this sense, climate-readiness encompasses not only ecological 

robustness, but also the procedural, institutional, and socio-economic capacities that enable 

MPAs to anticipate change, learn, and adapt effectively at both site and network scales.  
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Focusing on European marine regions, we implemented a structured, multi-phase expert 

elicitation process combining transdisciplinary workshops, collaborative thematic synthesis, and 

prioritisation exercises (Figure 1). Together, these two workshops aimed to advance 

understanding of climate-ready MPAs by exploring two core research questions, focusing on how 

MPAs can contribute to both ecological and societal adaptation under climate change: 

1. How can MPAs be designed to be resilient to future climate impacts, such as ocean 

warming and acidification, thereby becoming “climate-ready MPAs”? 

2. How can MPAs support broader adaptation efforts within coastal and marine 

environments facing climate-driven changes? 

This process mobilised expert knowledge across ecological, social, and governance domains and 

yielded a synthesis of key challenges, opportunities, and priority strategies. The resulting set of 

practice-oriented recommendations aims to support the development and implementation of 

climate-ready MPAs in Europe and beyond. These insights aim to inform integrated marine 

conservation and climate adaptation strategies, guiding research, governance, and management 

efforts.  

Figure 1: Overview of the study framework and analytical dimensions. 
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Results 

Ecological responses 

Building on the challenges outlined in the Introduction, workshop discussions emphasised, that 

MPAs must therefore be designed and managed with greater ecological resilience and adaptive 

capacity in mind. In the below paragraphs we examine the outcomes of the first and second 

workshops regarding the expert’s perspectives on how MPAs can better support ecological 

adaptation, focusing on biodiversity protection, functional and structural connectivity, the role of 

climate refugia, and existing knowledge and data gaps. We also reflect on how existing ecological 

and climate knowledge is (and is not yet) being translated into MPA planning and management 

and highlight the persistent barriers and emerging opportunities for advancing climate-ready 

MPA networks.  

The first workshop discussions highlighted that despite progress in understanding climate-driven 

changes in marine ecosystems, key knowledge gaps remain, particularly in applying this 

knowledge to MPA management. Participants noted that funding for MPA-related research still 

tends to prioritize ecological questions over governance and socio-economic dimensions. While 

no systematic funding analyses for MPA research are available, recent studies indicate that social-

science and governance dimensions of marine conservation remain comparatively underfunded 

and marginalised relative to ecological research47, including in protected area assessment and 

monitoring48. This indicates a clear need for synthesizing research across disciplines to improve 

insights for MPA resilience.  

Participants also noted that the complexity of interactions within marine ecosystems makes it 

difficult to anticipate ecological thresholds and design MPAs that remain effective under climate 

change. The inherent uncertainty in projecting climate impacts further complicates adaptation 

planning, reinforcing the need for stronger approaches to uncertainty handling, enhanced risk 

assessment, and improved modelling capacity. Additionally, significant ecological data gaps 

remain a major barrier, particularly with respect to baseline information on community 

composition, trophic interactions, ecological thresholds, and other ecosystem-level processes. 

Without such baseline knowledge, it is difficult to detect climate-driven change, evaluate 

ecological responses, or assess MPA effectiveness in supporting adaptation. Discussions also 

underscored the need to strengthen both structural and functional connectivity within and 

between MPAs to facilitate species movements and enhance ecosystem resilience. Yet achieving 

connectivity across scales remains challenging, especially where land–sea interactions and land-

based pressures are insufficiently integrated into marine planning. Participants further 

emphasized that climate refugia should be identified and prioritized within MPA networks, as 

these areas are likely to provide critical buffers for species facing intensifying climate stress. 
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Overall, there was agreement that MPA design and management must anticipate ecological 

change and incorporate adaptive, learning-oriented approaches that allow action even under 

imperfect knowledge. This can be achieved by embedding flexibility to respond to shifting species 

distributions, emerging habitat transformations and potential ecological thresholds (e.g., 

tolerance limits or tipping points)49. Open questions for further exploration in future research 

projects could include how to better integrate climate-adaptive monitoring frameworks and 

whether dynamic approaches to marine protection, such as zoning that adjusts boundaries or 

spatial regulations in response to (near) real-time ecological or climate data, can be 

operationalized at scale. 

The second workshop used results from the first workshop regarding ecological dimensions, 

which were synthesized, condensed, and transformed into three questions with up to eight pre-

informed answers to choose from. Eleven European-wide MPA practitioners gave their response 

to each question.  

The first question asked participants to judge how critical certain knowledge gaps and challenges 

are seen (0-10 scale, with 10 being most critical. Results are shown a mean value with a 95% 

Confidence Interval). Here, data gaps in species, carbon cycles, connectivity, and baseline 

indicators were rated as the most critical (7.9; see Figure 2). Similarly high scores were given to 

the ‘Complexity of interactions makes detecting tipping points challenging’ (7.7) and the ‘Lack of 

harmonized strategies and common tools’ (7.6). ‘Uncertainty in models and approaches’ was 

viewed as the least critical aspect, though it still received a relatively high rating of 6.1. 

Secondly, participants were asked to rate broader opportunities and conditions that could 

enhance their potential impact (0–10 scale, with 10 indicating greatest potential), resulting in 

expanding long-term ecological monitoring and data sharing seen as having the greatest potential 

(8.2; see Figure 3). Access of local knowledge and accessible language (8.0) and ‘Improve multi-

scale planning and ecological connectivity’ (7.7) were identified as the next most promising 

opportunities. By contrast, responses diverged more widely for this question, with ‘Improve 

synthesis of research for better decision-making’ receiving the lowest score (4.8), indicating that 

participants viewed this aspect as comparatively less important. 

Thirdly, the experts were asked to evaluate more specific actions regarding anticipated effort and 

impacts (1–10 scale, with 10 indicating greatest effort or impact, see Figure 4), which resulted in 

implementing coordinated regional monitoring programs as the action requiring the highest 

effort but also resulting in the greatest impact. Impact was defined as the anticipated positive 

effect of an action on making MPAs more resilient, adaptive, and effective under climate change, 

including the magnitude and breadth of expected ecological benefits if successfully implemented. 

Effort referred to the overall resources required to implement the action (financial, human, 

political, and institutional) including coordination across governance levels and sectors. Experts 
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rated each action independently on both dimensions using a predefined ordinal scale. Figure 4 

highlights areas of convergence (e.g. high-impact, high-effort actions such as coordinated regional 

monitoring programmes) as well as potential “quick wins,” such as the integration of climate risk 

scenarios into MPA management plans. 

 

Figure 1: Critical ecological challenges for climate-ready MPAs. 
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Figure 2: Ecological opportunities and requirements with highest potential. 

 

 

Figure 3: Ecological actions with highest impact relative to required effort. 
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Social, cultural, and economic dimensions  

The ability of MPAs to support adaptation depends not only on ecological effectiveness, but also 

on whether they are socially legitimate, economically viable, and governed to ensure fairness, 

participation, and long-term institutional support. This shapes how communities perceive MPAs, 

how benefits and costs are distributed, and whether adaptation measures can be sustained over 

time. MPAs operate within complex socio-ecological systems where climate change often 

exacerbates existing vulnerabilities, especially in resource-dependent communities (i.e. those 

heavily dependent on a single industry). The below sections reflect expert insights into the 

enabling conditions and barriers for socially inclusive and economically viable MPAs. Key themes 

included stakeholder engagement, equitable benefit-sharing, sustainable financing, and the role 

of alternative livelihoods in balancing conservation with human well-being. 

The discussions in the first workshop clearly highlighted the importance of balancing conservation 

with local livelihoods and economic sustainability. While MPAs are widely recognized for their 

biodiversity benefits, there is a growing need to better understand their socio-economic benefits 

and needs in the context of climate adaptation. This includes how climate-driven changes may 

affect community livelihoods, equity, and participation (e.g. in response to MPA boundaries, 

access, or management measures).  
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One of the primary opportunities identified was the integration of successful case studies into 

management frameworks, ensuring that lessons learned from well-functioning MPAs can inform 

future conservation strategies, including climate-adaptive MPA design, governance, and 

implementation. 

Moreover, the development of capacity-building programs for MPA managers was highlighted as 

critical for strengthening the monitoring and documenting of potential adaptation or changes in 

marine ecosystems due to climate change. Training should incorporate knowledge on species 

range shifts, ecosystem stability, and functional connectivity to enhance adaptive, climate-

responsive management. While there are opportunities to access the knowledge of local 

communities, this knowledge is currently not often drawn upon in MPA planning and 

management. Yet, such context-specific insights can play an important role in anticipating and 

responding to local manifestations of climate change, especially in data-poor settings. 

In addition, promoting alternative economic activities that generate value while reducing 

exploitation can support climate-ready MPAs by increasing social acceptance and reducing 

dependence on vulnerable or declining marine resources. For example, integrating sustainable 

tourism and low-impact aquaculture into MPA management could diversify income sources while 

maintaining ecological integrity, thereby enhancing the socio-economic resilience of coastal 

communities. 

Several persistent challenges were raised. A major concern is the difficulty of engaging local 

stakeholders effectively in MPA decision-making processes. Many coastal communities perceive 

MPAs primarily as restrictive rather than beneficial, which can lead to resistance and low 

compliance with regulations. This poses a risk to climate adaptation goals, as social acceptance 

and cooperation are essential for implementing new or more dynamic protection measures in 

response to climate impacts. 

Additionally, funding mechanisms for long-term MPA monitoring and enforcement remain 

inadequate, limiting the ability of managers to ensure both ecological and socio-economic 

effectiveness. Financial constraints were further highlighted in discussions on green financing 

mechanisms for MPAs. While emerging blue finance initiatives, such as carbon credits and 

biodiversity offset schemes, present potential funding sources, clear financial pathways for 

conservation areas are not yet well established. This uncertainty impedes the long-term viability 

of climate adaptation actions in MPAs, such as habitat restoration, adaptive zoning, or ecosystem 

monitoring. 

Participants raised several open questions regarding the equity implications of stricter MPA 

regulations, particularly in relation to the expansion of no-take zones and their impact on local 

communities. They questioned how compensation schemes should be structured for affected 
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fishers and whether alternative employment programs should be introduced. Another key issue 

was whether MPAs can be designed in ways that minimize socio-economic trade-offs, or whether 

such trade-offs are inevitable but should be more explicitly weighed during designation 

processes. These discussions highlighted the importance of aligning climate-readiness with 

principles of social justice and co-benefits. Participants emphasized the need for stronger public 

engagement to shift perceptions of MPAs from being seen as restrictive to being recognized as 

tools that support both ecological and community resilience in the face of climate change. 

During the second workshop, three structured questions assessed perceived challenges, 

opportunities, and high-impact actions. Nine European-wide MPA practitioners gave their 

response to each question on this dimension.   

The first question asked how critical certain gaps and challenges are seen by the experts (0-10 

scale, with 10 indicating greatest potential, see Figure 5). The most critical issues identified 

included insufficient long-term funding (8.8), lack of sustainable financing mechanisms (8.0), and 

tensions between conservation, climate change, and economic goals (8.0). Additionally, limited 

stakeholder engagement in cross-sectoral planning (7.6) and the lack of capacity to assess socio-

economic impacts of climate change (7.4) were seen as barriers to effective MPA governance. The 

least critical aspect was the issue of unclear compensation mechanisms for economic restrictions 

(7.1). 

Secondly, participants were asked to rate broader opportunities and enabling factors (0–10 scale, 

with 10 indicating greatest potential, see Figure 6), resulting in expertise in socio-economic 

monitoring offering the greatest potential (8.0), followed by promotion of equity and 

demonstration of socio-economic benefits from MPAs (7.6). To ensure that economic and 

ecological goals are balanced in MPA planning and management (6.1) and to strengthen 

integration of MPAs into the blue economy and financial markets (6.4) were rated as the least 

promising aspects.  

Thirdly, participants assessed a set of concrete actions based on their expected effort and impact 

(1–10 scale, with 10 indicating greatest effort or impact, see Figure 7). The results indicated that 

the proposed action can all be implemented with a mid-to-high impact and a mid-to-high effort. 

However, implementing co-management frameworks, referring to governance arrangements in 

which responsibilities for planning, making decisions, and monitoring are shared between 

authorities and local stakeholders (e.g. resource users, communities, civil society actors), was 

ranked with the highest impact, followed by financial incentives for businesses engaging in 

sustainable activities. Developing ecosystem service valuation was ranked with the lowest impact, 

followed by conservation-linked investments. To establish multi-stakeholder platforms to align 

MPA goals was seen as the action requiring the most effort. While sustainable funding 
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mechanisms, such as carbon and biodiversity credits, and other conservation-linked investments 

were ranked as the actions requiring the least effort.  

Figure 4: Critical socio-economic challenges for climate-ready MPAs.

 
 

 

 

 

 

 

Figure 6: Socio-economic opportunities with highest potential. 
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Figure 7: Socio-economic actions with highest impact relative to effort. 
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Governance and Management Frameworks 

Governance plays an important role in determining whether MPAs can deliver on their climate 

resilience potential. As MPAs are embedded within wider policy landscapes and sectoral interests, 

effective governance requires cross-sectoral coordination, coherent regulatory frameworks, and 

adequate mechanisms for enforcement and adaptive management. Below, we present the main 

findings that emerged from the two workshops regarding current limitations and opportunities 

in MPA governance, including issues of fragmentation, cross-sectoral coordination, finance, and 

the role of scalable measures such as Nature-based Solutions. Particular attention is paid to 

managing trade-offs with competing sectors, notably offshore renewable energy, and to 

strengthening institutional capacity for long-term compliance and effectiveness. 

Participants at the first workshop highlighted persistent governance gaps as a major barrier to the 

effective implementation of climate-ready MPAs, noting that most current frameworks are not 

designed to accommodate climate-driven ecological change. Fragmentation across marine policy 

frameworks remains one of the largest barriers to effective MPA implementation. Current 

governance structures often fail to integrate fisheries management, offshore energy 

development, and biodiversity conservation, leading to conflicts between different sectors. As 

climate impacts intensify, this lack of coordination further undermines the adaptive capacity of 

MPAs. 

While MPAs have expanded in quantity, ensuring effective protection, monitoring, enforcement, 

and compliance mechanisms remains difficult. Discussions highlighted that many MPAs exist on 

paper, yet, due to these challenges, are ineffective at achieving conservation or adaptation goals. 

Effectiveness remains limited where governance is fragmented, both horizontally (across sectors 

such as fisheries, conservation, and energy) and vertically (between local, national, and regional 

authorities). This hinders coordination and shared accountability, particularly when enforcement 

responsibilities are unclear or under-resourced. 

Participants also questioned how MPA performance is measured, noting that static biodiversity 

indicators may fail to reflect ecosystem resilience or climate responsiveness. More dynamic 

metrics, such as ecological connectivity, habitat quality, and social co-benefits, are needed at scale 

to assess adaptation success. 

Participants identified several key opportunities to address these gaps. First, regulatory and policy 

frameworks must explicitly embed climate adaptation objectives, including aligning MPA design 

and implementation with climate-informed, ecosystem-based fisheries management. This 

requires incorporating species redistribution models, climate-sensitive reference points, and 

adaptive spatial measures such as temporary closures. Second, participants highlighted the need 

to embed and scale Nature-based Solutions within MPA planning and adaptive management to 
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enhance ecosystem functionality, buffer climate impacts, and strengthen socio-economic 

resilience. Third, the importance of transboundary coordination was emphasized, including joint 

management plans, regional governance mechanisms, and systematic knowledge exchange to 

replicate effective practices and harmonize responses to shared climate threats. Ongoing 

coordination under regional seas conventions (e.g., OSPAR, HELCOM) and cross-border marine 

spatial planning under the EU Marine Spatial Planning (MSP) Directive were discussed as enabling 

framework. 

To operationalize climate-ready ocean governance, participants recommended the development 

of adaptive management plans that are responsive to shifting ecological baselines and emerging 

risks. This should be supported by long-term ecological monitoring, climate scenario modelling, 

and risk-informed decision tools. In the EU, efforts such as EMODnet50 and Copernicus Marine 

Service51 were identified as critical data infrastructure for this purpose. Establishing advisory 

groups and participatory governance structures was viewed as critical to ensure that adaptation 

strategies remain socially legitimate and grounded in local realities. 

However, participants cautioned that without dedicated, long-term financing mechanisms, the 

viability of MPA networks and the ability to support integrated, cross-sectoral adaptation 

strategies will remain limited. Ensuring sustainable funding, through instruments such as the 

Green Finance Institute52 and the EU Blue Invest initiative53, were identified as essential to unlock 

finance for enhanced marine conservation for climate-resilience. Funding is needed to support 

the full MPA management cycle, including enforcement, monitoring, and community 

engagement.  

One pressing concern repeatedly raised was the growing tension between offshore renewable 

energy development and marine protection goals. As governments accelerate offshore wind 

deployment to meet climate mitigation targets (e.g. under REPowerEU54) conflicts with existing 

or proposed MPAs are intensifying. Participants emphasized the urgent need for robust conflict 

resolution mechanisms, spatial planning tools, and cross-sectoral dialogues to reconcile these 

objectives. Without such mechanisms, there's a risk that climate mitigation efforts could 

undermine biodiversity conservation and adaptation outcomes. 

Looking ahead, a key question is how to design climate-responsive MPA governance models 

capable of adjusting to shifting ocean conditions and risk profiles. Options discussed included 

adaptive co-management, near real-time monitoring, and the use of dynamic or mobile MPAs.  

During the second workshop, three structured questions assessed perceived challenges, 

opportunities, and high-impact actions regarding governance and management.  

The first question asked for an evaluation of how certain critical gaps and challenges are seen by 

the experts (0-10 scale, Figure 8). The most critical issues identified include lack of strict MPAs to 
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allow ecosystem recovery (8.3), finance gaps (7.6), and weak enforcement and compliance (7.5). 

Achieving cross-boundary alignment and support for MPA networks was ranked as the least 

critical aspect (6.1). 

Secondly, participants were asked to rate broader opportunities and enabling conditions for their 

potential impact (0–10 scale, with 10 offering greatest potential, see Figure 9). Ensuring 

protection of all ecological features within MPAs was seen to offer the greatest potential (9.0). 

Improve cross-sectoral coordination between conservation, fisheries, and other ocean uses (8.3), 

strengthen management effectiveness, enforcement, and compliance mechanisms (8.3), and 

enhance transnational cooperation in MPA planning (8.3) were all ranked equally. Least potential 

was seen in scaling up NbS projects through financial and regulatory support (5.1). 

Thirdly, participants were asked to evaluate specific actions in terms of their anticipated effort 

and impact (Figure 10), and community-led compliance and enforcement initiatives were seen as 

the action requiring the highest impact with comparatively little effort. 

Figure 8: Critical governance and management challenges for climate-ready MPAs.
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Figure 9: Governance opportunities and requirements with highest potential. 

 

 

Figure 10: Governance actions with highest impact relative to effort. 
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Discussion 

Although the importance of integrating climate considerations into MPA design and management 

is increasingly recognised, translating this ambition into operational practice remains limited and 

uneven. A growing body of literature (49,55–63) offers conceptual frameworks, design principles, 

and innovative governance approaches, yet most remain untested or only partially implemented. 

Across Europe and globally, governance strategies in marine conservation that are adaptive and 

consider climate change are still rare. Existing examples such as preliminary MPA vulnerability 

assessments, prototype ecosystem-based planning tools and initial efforts to incorporate 

ecological connectivity into MPA networks tend to be small-scale, exploratory or project-specific 

rather than systematically embedded in formal governance processes2,49. Therefore, there 

remains a clear need for structured, practice-oriented syntheses that identify which measures are 

most actionable, impactful and feasible across different marine contexts. 

In this study we address this gap by synthesizing expert insights on how MPAs can be planned and 

governed to support climate adaptation and build ecological and socio-economic resilience. We 

contribute to clarifying what climate-readiness in MPAs practically entails, from ecological 

considerations and socio-economic factors to enabling governance and policy frameworks. At the 

same time, we identify implementation barriers and promising strategies for better integrating 

climate adaptation into MPA management and related marine policy processes. Our analysis 

highlights three central dimensions shaping climate-ready MPA design and governance: 
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ecological resilience, socio-economic legitimacy and inclusion and governance and policy 

pathways. We conclude by offering practice-oriented recommendations and outlining priority 

research and policy needs to advance climate-ready marine protection.  

As for the ecological dimension, MPAs need to consider multiple current (e.g. pollution, 

overfishing) and future (e.g. climatic, deep sea mining ) threats to become “climate-ready”25.  

Climate change responses may include shifts in species distribution, altered reproductive success, 

and reduced survival, with cascading effects on population dynamics and ecosystem 

functioning64,65. Individual species’ responses can disrupt ecological interactions such as 

predation, competition, and mutualism, triggering complex and often difficult-to-predict 

ecosystem impacts66. This ecological complexity also makes it challenging to identify and 

anticipate climate-driven thresholds or tipping points, one of the highest-ranked challenges in the 

workshop. Despite extensive research on species-level responses to climate change, significant 

knowledge and data gaps remain, particularly regarding community-level dynamics, spatially 

variable impacts, and the mechanisms underpinning ecological resilience. Critical uncertainties 

persist around interspecific interactions, emergent ecosystem responses, and the role of adaptive 

processes ranging from phenotypic plasticity to long-term genetic adaptation. Experts also 

pointed to limited understanding of carbon storage and nutrient cycling within MPAs, as well as 

insufficient data on structural and functional connectivity, all of which constrain climate-informed 

spatial planning. Moreover, the lack of robust ecological baselines, high-resolution climate data, 

and standardized monitoring frameworks hampers the ability of MPA managers to translate 

climate forecasts into site-specific, actionable strategies67–69. These gaps and limitations challenge 

the formulation of effective ecological design criteria and the adaptive management of MPAs in 

a rapidly changing ocean. For instance, it may hinder the ability to predict how entire 

communities will be affected and therefore also the planning of appropriate actions to reduce 

such impacts.  

Monitoring emerged as a central pillar of climate-ready MPA management. The uncertainty of 

future ecological responses underlines the importance of monitoring current ecological 

conditions in MPAs, against which future changes can be measured and better understood. 

Further, robust ecological design criteria are essential to ensure that MPAs can buffer against 

climate impacts, maintain key ecological functions, and support species persistence under shifting 

environmental conditions. Establishing reliable ecological baselines supports the detection of 

climate-driven shifts over time and enables evidence-based adaptation strategies. To detect both 

localized impacts and broader ecological trends, monitoring must be coordinated across sites and 

implemented at scale. Traditional monitoring frameworks, however, often focus on habitat 

condition or species abundance and are poorly suited to detecting climate-driven shifts or 

functional ecological change. MPA monitoring requires a fundamental shift towards context-

dependent, performance-based indicators that capture how ecosystems function, respond to 

stress, and contribute to resilience70. Yet experts noted that progress towards such approaches is 
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hindered by the absence of harmonised monitoring strategies and common tools, many of which 

remain overly conceptual and insufficiently translated into operational guidance. Ensuring data 

comparability between MPAs and across jurisdictions is therefore essential, as it underpins shared 

learning, coherent evaluation, and effective regional adaptation strategies. Beyond spatial shifts, 

temporal dynamics such as altered phenology, asynchronous life-cycle events, and lagged 

ecosystem responses pose additional challenges for long-term MPA planning. Addressing these 

requires monitoring approaches capable of detecting both short-term variability and long-term 

trends. Strengthening functional and structural connectivity data is essential to support species 

migration and ecosystem adjustment under climate change yet remains unevenly integrated into 

current monitoring practice. Participants also emphasised that identifying and prioritising climate 

refugia within MPA networks requires targeted monitoring of environmental stability and 

sensitivity. In addition, creating platforms to exchange information on monitoring approaches, 

emerging methodologies, and successful practices were rated by experts as a potential high-

impact opportunity to support capacity building and accelerate knowledge transfer. Incorporating 

local and traditional ecological knowledge into monitoring efforts, including observations of 

ecological conditions, was ranked among the most valuable strategies for filling data gaps and 

enriching context-specific understanding. Experts also emphasised that ensuring findings are 

communicated in accessible, non-technical language is essential for supporting shared learning 

and broader engagement across communities and practitioners. 

Designing MPAs that support ecological connectivity becomes increasingly central, as climate-

driven ecosystem shifts accelerate. Ensuring pathways and corridors for species to relocate, track 

suitable environmental conditions, and sustain viable populations was identified by participants 

as essential for climate-ready MPA networks. Effective climate adaptation requires MPAs to 

function not as isolated units but as connected networks capable of supporting species 

redistribution and ecological reorganisation. Spatial design informed by climate projections is 

therefore essential. Maps of species richness, combined with projections of habitat 

reorganisations under climate change, can help identify regions with high current and future 

biodiversity. Such efforts could help to identify potential refugia to climate extremes, areas where 

habitats and species are more likely to persist due to e.g. local conditions such as oceanographic 

features, which should be prioritized when designating new MPAs71,72. MPAs can only function as 

effective refugia if they are sufficiently connected, including to the broader seascape where many 

climate-driven processes unfold. Species are more likely to be able to resist and adapt to 

environmental changes when their movement to habitats with more favourable conditions is not 

hindered. In the workshops, planning for structural and functional connectivity within and 

between MPAs was identified as a key knowledge and implementation gap. The fact that 

connectivity of European MPAs has yet to be comprehensively assessed75, and that studies have 

highlighted weak biodiversity connectivity within the European network of no-take MPAs42, 

underscores the need to identify and prioritise vulnerable regions where additional reserves and 
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corridors could enhance ecological coherence. Despite these gaps, workshop participants 

expressed strong confidence in the potential of conservation science to support more connected 

and resilient MPA networks. In fact, recent studies have generated actionable insights for 

connectivity-informed spatial planning76 and in specific regions, such as the Baltic Sea, Kattegat, 

and Skagerrak, research has reviewed existing knowledge on ecological connectivity and 

identified management needs to improve the coherence of MPA networks19.  

 

Assessing climate vulnerability is a core requirement for climate-ready MPAs. Because climate 

trajectories and ecosystem responses are uncertain and often nonlinear, managers must evaluate 

how species, habitats, and ecosystem functions are likely to respond under different future 

scenarios. During the second workshop, participants ranked the incorporating climate risk 

scenarios into MPA management plans as having a high impact, requiring an intermediate level 

of effort. Numerous tools are now becoming available to support this integration, with a view to 

safeguarding long-term ecosystem function18. Additionally, many MPAs have yet to systematically 

incorporate climate change considerations into management planning. Recent evaluations 

suggest that relatively few MPAs globally include climate vulnerability assessments or explicitly 

include climate-related objectives in their planning frameworks38. This highlights an urgent need 

for practical tools and operational guidance77. One promising example are results from the MPA-

ENGAGE project, which developed a climate vulnerability toolbox that offers a replicable pathway 

for mainstreaming adaptive planning55.  

 

Dynamic approaches to marine protection offer potential pathways to keep pace with climate-

driven ecological change. While these approaches were not ranked as a top priority during the 

workshop, participants agreed that traditional static MPA models (fixed in space and based on 

current biodiversity patterns) are increasingly misaligned with climate-driven ecosystem 

dynamics. As species distributions, habitat conditions and ecological interactions shift over time, 

static boundaries risk protecting areas that no longer contain the features they were designed to 

safeguard. A more flexible, climate-responsive paradigm may therefore be required, one that is 

focused on the accrual of ecological benefits over time and space, rather than the preservation 

of fixed ecosystem states at specific locations2. Fully dynamic MPAs, where boundaries or 

management regimes shift in real time, are increasingly highlighted as promising tools2,12,78, 

however their legal, political and administrative feasibility remains limited, particularly in Europe, 

where governance arrangements are complex and institutional mandates are rigid. Instead, 

participants highlighted that incremental forms of adaptive and flexible management offer more 

realistic pathways toward climate-readiness in the near term. Examples discussed included 

seasonal or event-triggered closures (e.g. during spawning periods or marine heatwaves), 

adaptive zoning that can be periodically reviewed and adjusted, and the use of ecological 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

 

“triggers” that activate pre-agreed management responses when thresholds such as oxygen 

declines or species shifts are crossed. These approaches were viewed as feasible entry points that 

can build institutional experience with adaptive management, lower implementation barriers, 

and gradually prepare governance systems for more dynamic protection models in the future. 

 

Beyond ecological considerations, planning and managing climate-ready MPAs also requires 

integrating social, cultural, and economic dimensions to ensure resilience and equity in the face 

of climate change. Incorporating local knowledge, promoting inclusive governance, and 

safeguarding livelihoods are essential for achieving long-term conservation outcomes and 

community support12. The workshops highlighted the complex challenges of embedding MPAs 

within socio-economic systems undergoing climate-induced change. This reaffirmed that while 

MPAs are broadly recognized for their ecological benefits, they often encounter socio-political 

resistance when local communities perceive them as restrictive or economically detrimental56,58. 

This tension becomes particularly pronounced when governance frameworks fail to align 

conservation objectives with the realities of coastal livelihoods and evolving economic pressures. 

To be effective under climate change, MPAs must address the socio-economic realities of the 

communities that depend on marine resources. Our findings point to persistent structural 

barriers: most importantly, insufficient long-term funding, limited sustainable financing 

mechanisms, and unresolved tensions between ecological goals, climate adaptation ambitions, 

and the socio-economic needs of dependent communities. Climate-ready MPAs should therefore 

actively support livelihood resilience, especially for small-scale fishers and coastal communities 

whose income and food security are increasingly affected by climate-driven environmental 

changes. This requires not only protecting ecosystems but also enabling alternative or 

complementary economic activities, such as eco-tourism, sustainable aquaculture, or value-

added fisheries79,80. Aligning MPAs with economic sustainability involves understanding trade-

offs and ensuring fair distribution of costs and benefits81, and developing stronger impact-

assessment capacities can help achieve this. Workshop participants challenged the assumption 

that MPAs inevitably require socio-economic trade-offs. While some degree of trade-off may be 

unavoidable, our findings point to potential for mitigation through integrated designs that 

combine ecological integrity with diversified, climate-resilient livelihoods.  

 

Equity and justice considerations are central to climate-resilient marine conservation. Without 

fair distribution of benefits and transparent, inclusive decision-making, MPAs risk exacerbating 

existing inequalities82. Equity concerns featured prominently in the workshop discussions, 

particularly around the expansion of no-take zones and the absence of clear compensation or 

benefit-sharing mechanisms. These concerns echo broader debates about justice in conservation, 

particularly in relation to marginalized groups whose livelihoods may be disproportionately 
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affected83,84. In this context, recognising and integrating traditional and local knowledge systems 

is essential, as they can provide fine-grained insights into environmental changes, climate 

impacts, and adaptation needs that are otherwise difficult to capture.85.  

 

Cross-sectoral stakeholder engagement and co-management were identified as essential for 

designing effective climate-ready MPAs. Limited participation in MPA planning, particularly by 

economically or socially marginalized groups, emerged as a key barrier. This reinforces arguments 

stressing that inclusive, co-produced decision-making enhances legitimacy, trust, and 

compliance55,86–88. Co-management frameworks were ranked among the highest-impact actions, 

reflecting recognition that formalized, equitable involvement of communities can recalibrate 

MPAs as shared adaptive assets rather than perceived conservation burdens30,86. Such models 

are especially relevant in contexts where climate-induced changes to resource availability 

exacerbate pre-existing economic vulnerabilities and intensify competition for marine space. 

Financing limitations emerged as a cross-cutting barrier across both the socio-economic and 

governance dimensions. Long-term, reliable funding is central to climate-readiness: under 

intensifying climate pressures, MPAs without sustained resources for monitoring, enforcement, 

and community engagement risk rapidly losing ecological and social effectiveness. Mechanisms 

such as Payment for Ecosystem Services schemes, climate adaptation and mitigation funds, and 

community-based financing models can support both MPA operations and livelihood resilience89. 

Targeted incentive schemes (e.g. preferential licensing for eco-tourism operators, or tax rebates 

for habitat-friendly aquaculture) were noted as practical levers to support sustainable business 

models around MPAs. Workshop participants pointed to promising developments in these areas. 

The emergence of blue carbon or biodiversity credits and other green financing instruments were 

generally viewed as promising, though still largely aspirational. While these tools align with a 

growing global momentum toward nature-based and results-based financing90, their 

implementation is constrained by conceptual and procedural challenges, including the absence 

of clear regulatory frameworks, challenges in quantifying and verifying ecosystem services in 

marine contexts, and limited integration into national conservation or climate finance 

strategies91. These gaps limit the ability of MPAs to support long-term adaptation, reduce the 

institutional capacity required for climate-responsive management, and undermine incentives for 

participation. 

 

In addressing the third dimension, our findings underscore that it is governance which must 

ultimately enable and operationalise climate-readiness in MPAs. Given the scale and pace of 

climate impacts, a robust legal and governance approach is indispensable, and the complexity of 

this dimension requires a correspondingly more detailed discussion. Climate-ready MPAs require 

governance capable of steering social, cultural, and economic dimensions across all three critical 
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phases: designation, implementation, and enforcement. To fulfil this role, governance must be 

adaptive, inclusive, and capable of coordinating across sectors and scales.  

 

Workshop discussions revealed a set of governance challenges and opportunities that shape 

whether MPAs can be effectively implemented and sustained under rapidly changing ocean 

conditions. Without governance arrangements capable of anticipating and responding to climate 

impacts, ecological or socio-economic measures cannot be effective. The workshop offered an 

open discussion on the main governance and policy challenges, especially the interplay between 

social and legal barriers, that prevent more coherent, climate-informed MPA policy. Building on 

these discussions, we identify five key, overarching governance challenges and three central 

opportunities for integrating climate change considerations into MPA policies, frameworks, and 

strategic planning.  

 

A first overarching governance challenge concerns limited coordination across sectors that 

influence marine ecosystems at national and regional levels. As we aim to ensure that MPAs can 

contribute meaningfully to climate change adaptation, a major challenge lies in the absence of 

inclusion of other relevant sectors during the MPA designation phase. Participants agreed that 

these sectors represent activities that could hold highly impactful threats, showing a “complex 

mosaic of users and uses, as sectors, e.g., fisheries, seabed mining, navigation and shipping, 

offshore renewable energy, aquaculture, oil and gas extraction, etc.”92. Although this is a deep-

rooted issue, it has not been properly addressed so far, mostly due to the gaps in national 

legislation and governance structures to pursue a more coherent and cross-sectoral MPA 

designation process. Therefore, as these sectors and activities add to the climate-driven 

challenges, it is important to recognise that the “protection of biodiversity across multiple sectors 

can only be implemented through MPAs, but the regulatory process is often time-consuming and 

can require coordination and cooperation between multiple jurisdictions”2.   

 

A second governance challenge is the fragmentation of policy frameworks that govern marine 

conservation, climate action, and spatial use. The discussion pointed to a broader issue: the same 

sectoral fragmentation at higher levels of marine policy, hindering effective climate-ready MPA 

implementation. Between global, EU and national marine legislations, e.g. EU environmental and 

climate directives, regulations, strategies and frameworks, we are juggling a rather crowded 

policy and regulatory landscape, in some cases without a conducting line that connects their 

purposes and goals and a lack of integrated overview within a specific national or regional scope. 

This overlapping landscape can lead to conflicting objectives, or even “in the short term, could 

have antagonistic objectives difficult to reconcile and potentially conducive to new sources of 

disturbance, undermining the essential functions of MPAs that are intended to be very long 
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term”59, and may undermine long-term ecological functions of MPAs, including their role in 

climate adaptation. While governance frameworks such as MSP and Ecosystem-Based 

Management (EBM) offer tools for integrated adaptation, their current application in MPA 

governance remains inconsistent and insufficiently embedded in site-level implementation 

realities93.  

A third governance challenge concerns gaps between policy ambition and on-the-ground 

implementation. While various EU instruments set important environmental targets, their 

integration into adaptive, climate-responsive MPA governance is still inconsistent and 

fragmented. Globally, as of April 2025, the MPA area coverage amounts to 8.34% of the total 

ocean surface (16,503 sites)94, still falling short of both the 10% Aichi Biodiversity target for 2020 

and the more ambitious 30% target under the Kunming-Montreal Global Biodiversity 

Framework4. In the EU, Member States have continued to designate a number of different types 

of MPAs according to their national laws and binding regional conventions, with widely varying 

levels of protection and governance approaches95. Despite growing recognition of the ocean-

climate-biodiversity nexus4, many MPAs are still designated with limited consideration of climate 

adaptation and resilience2,40,59. The workshops reaffirmed this disconnection, both in terms of 

legal instruments and practical implementation, and emphasized the need for stronger 

integration of MPAs into climate policy instruments, including National Adaptation Plans (NAPs), 

Nationally Determined Contributions (NDCs), and larger-scale adaptation strategies. A further 

barrier highlighted through the rankings is the limited scope of protection within many MPAs. 

Feature-based designations (e.g. common under Natura 2000) are poorly aligned with ecosystem-

level change and shifting climate vulnerabilities, a challenge compounded by the persistent 

scarcity of strictly protected areas. Together, these gaps constrain the ability of existing MPA 

networks to safeguard ecological processes, conserve climate refugia, and deliver the full range 

of climate-adaptive functions expected of them. 

A fourth governance challenge relates to the false dichotomy between climate goals and 

environmental protection. Climate mitigation and adaptation priorities often evolve 

independently of MPA planning processes, creating growing tensions in marine space. Conflicts 

increasingly arise between conservation objectives and energy policies aimed at climate 

mitigation, such as the rapid expansion of offshore renewable energy or extraction of materials 

(e.g. gravel, minerals). As climate change intensifies pressures on marine ecosystems and 

competition for marine space continues to increase, the absence of coordinated cross-sectoral 

planning exacerbates spatial conflicts and undermines the potential of MPAs to contribute 

meaningfully to adaptation. Participants also reflected on the political reluctance to establish 

strictly or highly protected MPAs in areas where other priorities, such as offshore renewable 

energy or coastal adaptation infrastructure, are being advanced. This reflects a perceived tension 
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between biodiversity protection and broader climate policy goals, including both mitigation and 

adaptation. Yet this dichotomy is often misleading: with integrated governance and spatial 

planning approaches, potential trade-offs can be minimized and synergies more effectively 

realized.  

 

Finally, a fifth governance challenge is the weak and inefficient application of monitoring, 

enforcement, and compliance mechanisms. Even where MPAs exist on paper, many suffer from 

limited monitoring and under-resourced enforcement structures, reducing their de facto 

protection. Workshop discussions highlighted that local-level and community-led compliance 

efforts can meaningfully complement formal enforcement, offering flexibility and social 

legitimacy. In the second workshop, such approaches were ranked as high-impact and moderate-

effort pathways for strengthening compliance. Participants agreed that early and inclusive 

stakeholder involvement, especially across sectors, can help foster shared ownership and 

coexistence and improve long-term compliance. When climate, economic, and conservation 

priorities are evaluated fairly and transparently, trust in MPA governance improves, strengthening 

legitimacy and effectiveness95. Importantly, experts reflected on how MPA governance structures 

may need to be developed to better respond to rapidly changing environmental conditions. This 

includes improving their adaptability, flexibility, coherence, and strategic alignment. As the 

concept of blue growth continues to be encouraged in the EU political agenda, better legal and 

governance pathways are needed to manage conflicts of interest through a strong legislative and 

political commitment to consensus-based priorities. Participants further emphasised that 

predictable and adequate funding is foundational to effective enforcement and climate-

readiness, underpinning the capacity to implement adaptive management over time. 

 

Workshop discussions also highlighted several opportunities and pathways through which 

governance could more effectively support climate-readiness in MPAs. 

 

A first overarching governance opportunity concerns the need to modernise legal and policy 

frameworks to embed climate adaptation into the core purpose and operation of MPAs. Within 

the main EU legislative instruments that govern marine protection, i.e. MSFD, Habitats 

Directive96, and Birds Directive97, the design of climate-ready MPAs should aim to surpass the 

narrow scope of the Natura 2000 framework and their individual targets for species and habitats 

in order to support holistic, climate-informed (i.e. whole-ecosystem) protection of the marine 

environment. This should also include expanding strictly protected areas, which offer the greatest 

potential to safeguard and restore ecological processes and to secure climate refugia. 

Modernisation also requires updating the legal purpose and operational mandates of MPAs to 

address climate risks more explicitly. This includes integrating climate vulnerability assessments 
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into the designation process, incorporating forward-looking ecological criteria (e.g. species range 

shifts, habitat transitions), and establishing a clear legal basis for adaptive management, dynamic 

spatial measures, and periodic plan revisions. Furthermore, key concepts such as ecological 

connectivity and adaptive management should be mainstreamed into regulatory frameworks to 

ensure policy coherence and cross-border alignment within “frameworks and processes to be 

implemented within and between countries to ensure that management plans and programmes 

achieve common objectives”92.  

 

A second governance opportunity concerns harmonised approaches that strengthen policy 

integration, improve regional cooperation, and enhance the interface between MSP and MPAs. 

Given the diversity of national socio-economic and environmental priorities across EU Member 

States, greater horizontal and vertical alignment is needed to support coherent implementation. 

Examining governance structures and national differences can help shift from sectoral 

management toward more strategic, integrated planning. Strengthening governance structures 

at the national level, particularly clarifying responsibilities across ministries and agencies, can 

further support coherent implementation and reduce inconsistencies between legal instruments. 

This includes a more coherent application of MSP and to ensure MPAs are effectively embedded 

within broader spatial management processes. In this context, the two main frameworks that 

have been shaping the policy environment for MPAs in the EU are the Marine Strategy Directive 

(MSFD)98 and the Maritime Spatial Planning Directive (MSPD)99. Of these, the MSFD duly holds as 

its main objective to achieve Good Environmental Status of Member States’ marine waters while 

considering the use of MPAs as an important tool to that end59. Notably, the MSFD preamble 

states that “Good Environmental Status can be put at significant risk by climate change, which 

exerts its influence on a broader scale and with less predictable trends and patterns than any local 

human activity”59, placing a clear responsibility on Member States to integrate climate 

considerations into national marine policies and legal frameworks. In parallel, the MSPD and the 

EU’s wider Integrated Maritime Policy100 seek to balance environmental goals with blue growth, 

spatial efficiency, and cross-sectoral coordination101. Recent work highlights that integration must 

go beyond conservation planning and should also be considered in MSP, incorporating the current 

and future allocation of all human activities in marine areas102. MSP offers a governance 

framework to coordinate adaptive protection across space and sectors, ensuring coherence 

between conservation and other marine uses103. At the same time, clear conceptual boundaries 

between MSP and MPA planning are needed to avoid policy conflation and ensure each tool fulfils 

its complementary role. MPAs provide the opportunity for targeted area-based ecological 

protection against emerging climate threats, while MSP should become “climate-smart” and 

ensure strategic coherence, scale, and cross-sectoral alignment between conservation and other 

human use of the marine environment under shifting climatic conditions and socio-economic 
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factors104. Together, these insights reinforce the need for multi-layered, adaptive marine 

governance to deliver climate resilience103,104. The MSP Directive, if applied more consistently, 

could serve as a platform for adaptive and forward-looking marine governance. New policies 

should be formulated based on “adaptive management, in which decisions can be modified based 

on new knowledge acquired on the system, environmental change, and assessment of the 

effectiveness of previous decisions […] rather than the ad hoc, short-term, and static manner that 

happens today”59. There is a clear need to strengthen regional cooperation, especially for data 

sharing, joint monitoring, and pooled resource use. This is particularly important given the 

persistent lack of funding and technical capacity in many national contexts: “Forming research 

partnerships is often used as a strategy to fill gaps in monitoring programs or address areas with 

limited capacity or resources [to] discuss strategies for facilitating research on climate change and 

its impacts”40. Such collaboration is especially relevant in transboundary marine regions, where 

aligned efforts can ensure “sectoral connectivity, coherence, and equivalence”92. Case studies of 

coordinated MPA governance demonstrate that “MPAs could provide a continuum facilitating 

coordination between states […] especially in the EU, for instance, in relation to shared concerns 

such as conservation matters”61, and strengthening regional approaches and harmonising goals 

with joint climate-ready MPAs between neighbouring countries.  

 

A third governance opportunity relates to enhancing the strategic role of MPAs under climate 

change. The legal purpose of MPAs still varies across EU Member States. Although “originally a 

fishery management tool to protect stocks from overfishing”40, MPAs are now widely recognized 

as a critical strategy in EU member states for achieving Good Environmental Status and delivering 

ecosystem-based climate adaptation. To fulfil this role, MPAs need to be strategically planned and 

provide a coherent network of protection to highly valuable species, habitats, and ecological 

systems in a holistic manner. A recurring challenge was the persistent misalignment between 

MPAs and fisheries management. Participants noted that current EU fisheries decision-making 

processes hinder the adoption of timely, effective measures inside MPAs, limiting their climate-

adaptive potential. Strengthening the interface between conservation and fisheries policy is 

therefore essential for enabling MPAs to fulfil their strategic role under climate change. 

Furthermore, several relevant concepts should be assessed and could be more explicitly linked to 

climate-ready MPA design, including strictly protected areas, Ecologically or Biologically 

Significant Marine Areas (EBSAs)62, Nature-Based Solutions integrated into MPA planning, and 

Particularly Sensitive Sea Areas105. Bringing these concepts into the regulatory and planning 

discourse can help close the persistent sectoral disconnect in MPA design that arises under blue 

growth policy scenarios while encouraging a collective, climate-focused agenda. Critically, MPA 

management plans should be strengthened as the primary tool for achieving long-term 

conservation goals. It holds the potential to “include objectives that support long-term ecosystem-
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based management, […] incorporate resilient or dynamic spatial design strategies to determine 

MPA size and placement, […] and plan to update management goals or actions through adaptive 

management and/or include additional climate change management strategies”40. Workshop 

discussions further underscored that strengthening MPA resilience to climate change requires 

revising governance frameworks and policies to enable MPAs to ensure protection of all ecological 

features within, not just selected species or habitats. 

 

Based on our findings across all three dimensions, advancing climate-ready MPAs requires 

strategic, coordinated action across multiple fronts: filling critical knowledge gaps, reforming 

policy and legal frameworks, scaling up adaptive management practices, and enabling 

implementation through funding, capacity-building, and collaboration. Only through multi-level, 

flexible, and integrated governance can MPAs fulfil their adaptive role under rapid and ongoing 

climate change.  

 

To complement these insights with practical examples, Supplementary Information I summarises 

illustrative case studies that show how selected elements of climate-readiness have been 

implemented across ecological, socio-economic and governance dimensions. These cases 

demonstrate that operational elements of climate-readiness already exist within current MPA 

practice, even if their uptake remains uneven and context-dependent.  

 

Building on both workshop outcomes, we identify future directions for research, policy, and 

practice. We outline twelve key recommendations to better integrate climate adaptation into 

MPA design, governance, and monitoring, as shown in Table 1. These actions respond to the main 

ecological, socio-economic, and institutional challenges identified, offering a structured roadmap 

that distinguishes between foundational, enabling, and strategic actions. Foundational actions 

represent immediate priorities, such as formalizing climate adaptation mandates, strengthening 

adaptive management, and integrating climate science into network design. Enabling actions 

focus on medium-term priority measures, including dynamic management approaches, cross-

sectoral policy integration, and participatory governance. Strategic knowledge and capacity-

building actions support long-term resilience, emphasizing the development of decision-support 

tools, communities of practice, and training for climate-literate managers. Together, these 

recommendations provide a comprehensive pathway for enhancing the effectiveness, 

adaptability and climate resilience of MPAs.
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Table 1: Recommendations for advancing climate-ready Marine Protected Areas (MPAs). The table presents twelve expert-derived 

recommendations, organized across three levels of integration: (I) Foundational actions (essential and immediate), (II) Enabling 

actions (important, medium-term), and (III) Strategic knowledge and capacity-building (supporting, long-term). These 

recommendations respond to core challenges, build on identified opportunities, and reflect high-impact ideas prioritised during 

expert workshops and refined through collaborative synthesis. 

I. Foundational actions (essential, 

immediate priority) 

II. Enabling actions (important, medium-

term priority) 

III. Strategic knowledge and capacity 

building (supporting, long-term priority) 

1. Formalize climate adaptation 

mandates in MPA governance 

frameworks. Climate change must 

be formally recognized within the 

legal and policy architecture of 

MPA systems.  

6. Advance flexible and dynamic 

management models. While fully dynamic 

MPAs remain politically and legally 

challenging, more incremental strategies, 

such as seasonal closures, adaptive zoning, 

or ecological “triggers”, can offer feasible 

entry points.  

10. Develop operational guidance and 

decision-support tools. 

MPA managers require accessible tools that 

translate complex climate science into 

practical management actions. 

2. Strengthen adaptive 

management through risk-

informed monitoring. 

Standardized, climate-responsive 

monitoring systems should track 

ecological and socio-economic 

indicators and inform timely 

management responses. 

7. Enhance cross-sectoral legal coherence 

and policy integration. Climate-ready 

MPAs depend on coordinated policy 

across conservation, fisheries, energy, and 

spatial planning.  

 

11. Build communities of practice and 

support structures. Dedicated 

communities of practice can foster peer 

learning, standardize best practices, and 

create a support structure for managers 

navigating climate-related decisions. 

3. Integrate climate science into 

MPA network design. To future-

proof MPA networks, design 

principles must account for habitat 

heterogeneity, ecological 

connectivity, and environmental 

gradients (e.g. temperature, 

depth).  

8. Embed socio-economic resilience 

through participatory governance. 

Making MPAs climate-ready requires 

sustained co-creation among 

policymakers, scientists, stakeholders, and 

managers.  

12. Train climate-literate managers and 

science-policy brokers. Capacity-building 

programs should equip MPA managers with 

the vocabulary, concepts, and tools needed 

to address climate change. At the same 

time, academic institutions should 

recognize and incentivize the role of 

researchers in translating knowledge for 

applied decision-making. 

4. Establish long-term funding 

mechanisms for climate 

adaptation in MPAs. Stable 

financial resources are needed to 

support monitoring, 

implementation, and adaptive 

management.  

9. Identify research gaps and broaden 

empirical evidence. Much of the applied 

research on climate adaptation in MPAs 

has focused on coral reef systems. There is 

an urgent need to experimentally test and 

pilot climate-adaptive MPA designs in 

other marine ecosystems to fill empirical 

gaps and validate scalable models.  

 

5. Use strict protection zones as 

scientific reference areas. Highly 

protected zones left largely 

undisturbed are needed to 

generate baseline data on climate 

impacts.  
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Notably, the workshop rankings of actions across all three analytical dimensions revealed closely 

clustered scores, suggesting broad support for multiple, similarly valued actions rather than a 

single preferred solution. This suggests that effective climate adaptation in MPAs will likely require 

a combination of complementary measures which is an important insight given the frequent 

political search for one-size-fits-all solutions. It also underscores the need for cross-sectoral, 

system-wide scenario development that can capture the interactions between ecological change, 

human uses, and governance dynamics. Despite growing awareness and long-standing calls for 

action, progress in preparing MPAs for climate change remains limited. As climate projections 

worsen and ecological shifts accelerate2, the gap between policy ambition and operational 

capacity is becomes increasingly urgent to address. Ensuring climate-readiness is thus not an 

optional enhancement but an urgent necessity for future-proof marine governance16.  

Drawing these insights together, our study identifies four overarching priorities for advancing 

climate-ready MPAs: 

 

1) Advance ecological resilience through better monitoring, climate vulnerability assessments, 

and spatial planning tools that account for shifting species distributions, climate refugia, and 

promote connectivity. 

2) Foster social legitimacy and equity by embedding inclusive co-management, including local 

communities, recognition of local and traditional knowledge, supporting resilient livelihoods, 

and clear benefit-sharing mechanisms. 

3) Strengthen governance integration by aligning climate and biodiversity policies, improving 

cross-sectoral coordination (particularly between MSP and MPA planning), and developing 

adaptive, flexible legal frameworks. 

4) Secure sustainable, long-term and diversified financing through long-term public investment 

complemented by innovative, context-specific mechanisms to support monitoring, 

enforcement, and community engagement. 

 

Taken together, these priorities outline a practical and coherent pathway for developing MPAs 

that remain ecologically effective, socially legitimate, and institutionally robust under changing 

climate conditions. 

 

In conclusion, MPAs that do not explicitly account for climate change risk becoming increasingly 

ineffective over time: locked into outdated spatial configurations and management assumptions 

that no longer reflect shifting ecological realities and thus fail to protect biodiversity and sustain 

ecosystem functions under future conditions. Climate-ready MPAs provide a way forward: they 

integrate climate dynamics into design, monitoring, and governance; they are adaptive and 

learning-oriented, equitable, and cross-sectoral; and they position marine conservation as a 

central pillar of climate adaptation. Implementing such approaches is both a scientific and 
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governance challenge, but it is also an urgent necessity for safeguarding biodiversity and 

supporting resilient coastal and marine societies in the decades ahead. 

While the expert-led and collaborative approach applied here offers a practice-oriented roadmap 

with key recommendations and priorities, several limitations should be acknowledged. The 

prioritizations reflect expert perceptions rather than quantitative performance evaluations and 

may carry regional or disciplinary biases. Additionally, while the process was designed to span 

ecological, social, and governance dimensions, some sectors and stakeholder groups remain 

underrepresented, highlighting the need for ongoing, inclusive, and iterative co-creation. 

Nevertheless, the collaborative process underscores the value of creating space for cross-sectoral 

dialogue and shared learning. The core insight is that climate-ready MPAs must evolve from static 

conservation tools into dynamic systems of resilience rooted in science, responsive to social 

realities, and embedded in coherent governance. Realizing this vision will depend on bridging 

knowledge, policy, and practice through co-produced evidence, inclusive institutions, and long-

term commitment.  

Methods 

Workshop design and purpose 

This study draws on insights from two expert workshops on climate-ready MPAs, conducted 

under the project MEER:STARK (https://www.ecologic.eu/18873). The project examined the 

nexus between marine conservation and climate change adaptation through cross-sectoral 

collaboration and dialogue, aiming to develop strategies that integrate biodiversity conservation 

with climate-resilient management. Emphasis is placed on supporting improved governance at 

regional, national, and European levels. 

 

The first expert workshop was held virtually on 10th December 2024, and a second, more targeted 

workshop with a smaller focus group followed on 5th February 2025, also in a virtual format. 

Together, these two workshops aimed to advance understanding of climate-ready MPAs by 

exploring two core research questions outlined in the introduction.  

To further address these questions, we specifically examined:  

• What climate-readiness in MPAs entails;  

• Ecological, social, and governance factors influencing the effectiveness of MPAs under 

climate scenarios, including associated challenges, opportunities, and priority actions; 

• Effective management strategies and policy instruments supporting resilience, scalability, 

and inclusivity;  

• Approaches for leveraging interdisciplinary knowledge and cross-sectoral coordination to 

embed MPAs within wider climate adaptation strategies. 
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These questions and foci were explored through structured discussions involving researchers, 

policymakers, and practitioners from across Europe (Figures 11 and 12), as well as in a series of 

follow-up meetings with the team of co-authors. The findings were enriched by insights from 

ongoing European Union (EU) and nationally funded projects (i.e., MPA4Change, FutureMARES, 

MSP4BIO, PROTECT BALTIC, MEER:STARK, MPA Europe, and Blue Connect; see Supplementary 

Information II) that provided practical examples, case studies, and thematic insights regarding 

diverse dimensions of climate-ready MPAs. These projects address nature-based solutions, 

ecosystem resilience, and marine spatial planning as central components of MPA planning and 

management. This collaborative approach yielded actionable insights, strengthening the 

evidence base for MPAs as climate adaptation tools and informing strategies to enhance their 

effectiveness, scalability, and societal relevance. 

 

Participant selection and engagement 

The first workshop convened approximately 70 experts from across Europe, representing a 

diverse range of sectors, including academia, governmental authorities, practitioners, non-

governmental organizations, and the private sector. To ensure broad disciplinary and geographical 

diversity, participant selection followed a purposive sampling approach targeting individuals with 

expertise in marine area-based conservation, marine spatial planning, climate adaptation, and 

environmental governance. Prior to the workshop, all registered participants completed a short 

survey documenting their institutional affiliation and country of residence. Figure 11 shows the 

professional backgrounds of registered workshop participants by sector (N=122): academia 

constituted the largest group (43.1%), followed by the public sector (23.6%), civil society (21.1%), 

international organisations (6.5%), and the private sector (5.7%). Geographical diversity was 

similarly diverse (Figure 12), with registrants from more than 25 countries including EU Member 

States, EEA countries and beyond. Together, these data indicate that the workshop engaged a 

broadly cross-sectoral and transnational expert community consistent with the aims of an 

interdisciplinary assessment. Achieving an active participation rate of around 70 out of 122 

registered experts is reasonable for an international virtual workshop of this scale. 

 

In addition, many participants were involved in leading EU-funded projects, offering an 

opportunity for cross-cutting knowledge exchange. Speakers were invited to provide 

presentations on current scientific knowledge and project outputs relevant to the workshop 

objectives (see Supplementary Information II) and instructed to include concrete case studies, 

practical implementation experiences, and lessons learned that could inform climate-ready MPA 

design and governance. 
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Figure 11: Professional affiliation of registered workshop participants by sector 

 
 

Figure 12: Geographic distribution of registered workshop participants. 

 
 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Data collection and workshop structure 

The first workshop was designed to facilitate expert-driven insights and structured feedback 

through breakout group discussions focused on different dimensions of climate-ready MPAs. To 

support the conceptual framing of the workshop, a targeted literature review was conducted. Key 

references were identified through existing systematic reviews and relevant EU project outputs, 

as well as through expert recommendations from within the co-author team. No formal search 

string was used; rather, inclusion criteria focused on peer-reviewed and grey literature (limited to 

2015–2025) addressing (i) climate change impacts on MPAs, (ii) resilience and adaptation 

strategies, and (iii) governance, socio-economic, and policy frameworks for MPAs under climate 

stress. Based on this, the workshops were structured around three thematic focus areas 

subsumed under broadly defined dimensions (see also Table 2): 

 

1. Ecological responses; including connectivity, shifting species distributions, monitoring 

strategies, and the potential of blue carbon ecosystems; 

2. Socio-economic and cultural dimensions; including equity, stakeholder engagement, 

finance, and community knowledge; 

3. Policy, governance, and management approaches; including cross-sectoral coordination, 

enforcement, adaptive governance, and scaling solutions such as nature-based 

approaches. 

 

Participants were randomly assigned to three rotating thematic breakout group sessions, which 

were supported by using the collaborative digital whiteboard tool Miro (https://miro.com/). To 

systematically capture expert insights and cluster emerging themes, the so-called Miro-Boards 

used in each breakout group were structured around four analytical aspects: (i) Ideas, 

opportunities, and recommendations, focusing on strategies, best practices, and innovations for 

climate-ready MPAs; (ii) Challenges, gaps, and needs, identifying key barriers, knowledge gaps, 

and limitations in current approaches; (iii) Open questions and answers, exploring unresolved 

issues requiring further research or policy consideration; and (iv) Relevant resources, where 

participants shared literature and case studies to support discussions. The breakout group 

discussions were structured as shown in Table 2. 
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Table 2: Thematic focus areas of the breakout group discussions during the Climate-Ready Marine Protected Areas 

(MPAs) Workshop. Each breakout group addressed a specific dimension of MPA resilience —ecological responses, 

socio-economic considerations, and policy, governance, and management approaches - structured to capture key 

ideas, challenges, open questions, and relevant literature. 

Miro Board/Breakout 

Group 

Key Focus Areas 

Board/Breakout 1: 

Ecological Responses to 

Climate Change 

- Species-specific responses and shifts in distribution  

- Ecosystem interactions and connectivity between MPAs  

- Effects of climate velocity (i.e., the pace at which species and ecosystems must 

shift due to climate change)  

- Ecosystem resilience to climate change (e.g., tipping points, adaptive 

capacities under multiple pressures)  

- Monitoring approaches to assess MPA effectiveness under climate change 

Board/Breakout 2: 

Social, Cultural, and 

Economic Dimensions 

- Balancing economic activities (fisheries, tourism, renewable energy) with 

conservation objectives in MPAs  

- Incorporating local community knowledge and needs into climate-smart MPA 

planning  

- Funding mechanisms and financial sustainability for MPAs  

- Expected benefits and services provided by climate-smart MPAs (e.g., spillover 

effects, social resilience, economic diversification) 

Board/Breakout 3: 

Policy, Governance, and 

Management Approaches 

- Suitability and coherence of regulatory frameworks and policy instruments  

- Cross-sectoral coordination (marine and terrestrial integration, biodiversity, 

and climate policies)  

- Management effectiveness, enforcement, and compliance mechanisms  

- Scalability and replicability of solutions (e.g., nature-based solutions, 

restoration within MPAs, governance models) 

 

Thematic synthesis  

All participant inputs from the collaborative Miro boards were collected and initially structured 

using the predefined analytical categories. Participants contributed directly during the sessions, 

resulting in comprehensive, thematically organized material. These inputs, as well as recorded 

notes and transcriptions, were reviewed and refined by the research team using a qualitative 

thematic coding approach. While the Miro structure aided initial categorization, further 

interpretive coding was applied to identify recurring patterns, consensus points, divergent views, 

and cross-cutting themes.  
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This iterative process was guided by principles of qualitative thematic analysis, combining 

descriptive sorting with inductive interpretation. In cases where inputs were ambiguously placed 

or overlapping, they were reassigned to ensure semantic coherence.  

 

An inductive clustering approach was then used to group related inputs into broader conceptual 

themes, reflecting key challenges, opportunities, and action pathways. These clusters were 

distilled into provisional takeaway messages summarizing the most salient ideas within each 

thematic area. These takeaways structured the agenda and interactive elements of the second 

workshop, including a Mentimeter-based prioritization exercise. 

 

To strengthen the robustness of findings, breakout group outputs were cross-referenced with 

speaker presentations and case study discussions. This ensured integration of both conceptual 

and applied insights.  

 

Follow-up and validation 

The second expert workshop on 5th February 2025 brought together a smaller, selected group of 

experts (eleven in total) for deeper discussion and validation of outputs from the first workshop. 

The focus was on reviewing and refining the key themes, prioritizing findings, and collaboratively 

evaluating and formulating recommendations for science and policy.  

 

During the second workshop, participants completed a structured scoring exercise using 

Mentimeter (www.menti.com), prioritizing previously identified challenges, opportunities, and 

actions for each of the three dimensions (ecological, socio-economic, and governance). Each 

question was presented with a predefined set of response options derived from the synthesis of 

the first Workshop. For the first two questions per dimension, participants rated each option on 

a continuous 0–10 scale (0 = not critical/no potential; 10 = most critical/highest potential). For 

Question 3, experts evaluated each action separately on two predefined ordinal scales: impact 

(expected ecological and management benefit) and effort (resources and coordination required), 

each ranging from 1 to 10. Individual scores were submitted anonymously via Mentimeter and 

exported for analysis. For each option, we calculated the mean score and 95% confidence interval 

across all answers. Results for each question, with questions and the predefined answer options, 

are shown in the Figures 2–10. After each scoring round, a facilitated discussion allowed 

participants to contextualize their ratings, but no adjustments were made to the numerical scores 

post-discussion. 
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Finally, expert elicitation continued through co-authorship during the post-workshop phase, 

enabling additional refinement and validation of findings and supporting the development and 

formulation of recommendations on climate-ready MPAs. 

 

To visualise and summarise the workshop process and clarify the sequencing of activities and 

analytical steps, a visual flowchart is provided in Figure 13.  

 

Figure 13: Overview of the workshop process and analytical workflow.  

 

References 

1. Korpinen, S. et al. Combined effects of human pressures on Europe’s marine ecosystems. 

Ambio 50, 1325–1336 (2021). 

2. Tittensor, D. P. et al. Integrating climate adaptation and biodiversity conservation in the 

global ocean. Sci. Adv. 5, (2019). 

3. Gissi, E. et al. A review of the combined effects of climate change and other local human 

stressors on the marine environment. Sci. Total Environ. 755, (2021). 

4. CBD. Kunming-Montreal Global Biodiversity Framework. 1–7 

https://www.cbd.int/article/cop15-final-text-kunming-montreal-gbf-221222 (2022). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

5. Pörtner, H.-O. et al. IPBES-IPCC Co-Sponsored Workshop Report on Biodiversity and 

Climate Change. https://zenodo.org/record/4782538 (2021) doi:10.5281/ZENODO.4782538. 

6. Rullens, V. et al. Understanding the consequences of sea level rise: the ecological 

implications of losing intertidal habitat. N. Z. J. Mar. Freshw. Res. 56, 353–370 (2022). 

7. Vousdoukas, M. I. et al. Sandy coastlines under threat of erosion. Nat. Clim. Change 10, 

260–263 (2020). 

8. Gomes, D. G. E. et al. Marine heatwaves disrupt ecosystem structure and function via altered 

food webs and energy flux. Nat. Commun. 15, (2024). 

9. Suryan, R. M. et al. Ecosystem response persists after a prolonged marine heatwave. Sci. 

Rep. 11, (2021). 

10. Dove, S. G., Brown, K. T., Van Den Heuvel, A., Chai, A. & Hoegh-Guldberg, O. Ocean 

warming and acidification uncouple calcification from calcifier biomass which accelerates 

coral reef decline. Commun. Earth Environ. 1, (2020). 

11. Bruno, J. F. et al. Climate change threatens the world’s marine protected areas. Nat. Clim. 

Change 8, 499–503 (2018). 

12. Roberts, C. M. et al. Marine reserves can mitigate and promote adaptation to climate change. 

Proc. Natl. Acad. Sci. 114, 6167–6175 (2017). 

13. European Commission. Forging a Climate-Resilient Europe – the New EU Strategy on 

Adaptation to Climate Change. https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX%3A52021DC0082 (2021). 

14. UNEP/ MAP. State of the Environment and Development in the Mediterranean (SoED) 2020. 

(United Nations, 2021). doi:10.18356/9789280737967. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

15. Marcos, C. et al. Reviewing the Ecosystem Services, Societal Goods, and Benefits of Marine 

Protected Areas. Front. Mar. Sci. 8, (2021). 

16. Arneth, A. et al. Making protected areas effective for biodiversity, climate and food. Glob. 

Change Biol. 29, 3883–3894 (2023). 

17. Micheli, F. et al. Evidence That Marine Reserves Enhance Resilience to Climatic Impacts. 

PLoS ONE 7, e40832 (2012). 

18. Arafeh‐Dalmau, N. et al. Incorporating climate velocity into the design of climate‐smart 

networks of marine protected areas. Methods Ecol. Evol. 12, 1969–1983 (2021). 

19. Berkström, C., Wennerström, L. & Bergström, U. Ecological connectivity of the marine 

protected area network in the Baltic Sea, Kattegat and Skagerrak: Current knowledge and 

management needs. Ambio 51, 1485–1503 (2022). 

20. Magris, R. A., Pressey, R. L., Weeks, R. & Ban, N. C. Integrating connectivity and climate 

change into marine conservation planning. Biol. Conserv. 170, 207–221 (2014). 

21. Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems 

and human well-being. Science 355, eaai9214 (2017). 

22. Pecl, G. T. et al. Biodiversity redistribution under climate change: Impacts on ecosystems 

and human well-being. Science 355, eaai9214 (2017). 

23. Garcia Rodrigues, J., Villasante, S. & Sousa Pinto, I. Non-material nature’s contributions to 

people from a marine protected area support multiple dimensions of human well-being. 

Sustain. Sci. 17, 793–808 (2022). 

24. Baker, D., Bennett, N. J. & Ban, N. C. Human well-being outcomes of large-scale marine 

protected areas. Mar. Policy 173, 106579 (2025). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

25. Bates, A. E. et al. Climate resilience in marine protected areas and the ‘Protection Paradox’. 

Biol. Conserv. 236, 305–314 (2019). 

26. Costello, M. J. Evidence of economic benefits from marine protected areas. Sci. Mar. 88, 

(2024). 

27. Nowakowski, A. J. et al. Co-benefits of marine protected areas for nature and people. Nat. 

Sustain. 6, 1210–1218 (2023). 

28. Russi, D. et al. Socio-Economic Benefits of the EU Marine Protected Areas. Institute for 

European Environmental Policy. Socio-Economic-Benefits-of-EU-MPAs-2016_IEEPEC.pdf 

(2016). 

29. Fuchs, G., Kroos, F., Scherer, C., Seifert, M. & Stelljes, N. Exploring marine conservation 

and climate adaptation synergies and strategies in European seas as an emerging nexus: a 

review. Front. Mar. Sci. 12, (2025). 

30. Ban, N. C. et al. Well-being outcomes of marine protected areas. Nat. Sustain. 2, 524–532 

(2019). 

31. Jankowska, E., Pelc, R., Alvarez, J., Mehra, M. & Frischmann, C. J. Climate benefits from 

establishing marine protected areas targeted at blue carbon solutions. Proc. Natl. Acad. Sci. 

119, (2022). 

32. Cintio, A. D., Niccolini, F., Scipioni, S. & Bulleri, F. Avoiding “Paper Parks”: A Global 

Literature Review on the Socio- Economic Strategies to Enhance the Effectiveness of Marine 

Protected Areas. Preprint at https://doi.org/10.21203/rs.3.rs-2404558/v1 (2022). 

33. Turnbull, J. W., Johnston, E. L. & Clark, G. F. Evaluating the social and ecological 

effectiveness of partially protected marine areas. Conserv. Biol. 35, 921–932 (2021). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

34. Aminian-Biquet, J. et al. Over 80% of the European Union’s marine protected area only 

marginally regulates human activities. One Earth 7, 1614–1629 (2024). 

35. Viitasalo, M. & Bonsdorff, E. Global climate change and the Baltic Sea ecosystem: direct 

and indirect effects on species, communities and ecosystem functioning. Earth Syst. Dyn. 13, 

711–747 (2022). 

36. Predragovic, M. et al. Up to 80% of threatened and commercial species across European 

marine protected areas face novel climates under high emission scenario. Npj Ocean Sustain. 

3, (2024). 

37. Rankovic, A., Jacquemont, J., Claudet, J., Lecerf, M. & Picourt, L. Ocean- Climate 

Plattform. Protecting the Ocean, Mitigating Climate Change? State of the Evidence and 

Policy Recommendations. 1–6 https://oursharedseas.com/oss_downloads/protecting-the-

ocean-mitigating-climate-change-state-of-the-evidence-and-policy-recommendations/ 

(2021). 

38. Cannizzo, Z. J., Hunter, K. L., Hutto, S., Selgrath, J. C. & Wenzel, L. Future-proofing the 

global system of marine protected areas: Integrating climate change into planning and 

management. Mar. Policy 171, (2025). 

39. O’Regan, S. M., Archer, S. K., Friesen, S. K. & Hunter, K. L. A Global Assessment of 

Climate Change Adaptation in Marine Protected Area Management Plans. Front. Mar. Sci. 8, 

711085 (2021). 

40. Lopazanski, C. et al. Principles for climate resilience are prevalent in marine protected area 

management plans. Conserv. Lett. 16, (2023). 

41. Giakoumi, S. et al. Deficiencies in monitoring practices of marine protected areas in 

southern European seas. J. Environ. Manage. 355, (2024). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

42. Assis, J. et al. Weak biodiversity connectivity in the European network of no-take marine 

protected areas. Sci. Total Environ. 773, (2021). 

43. Balbar, A. C. & Metaxas, A. The current application of ecological connectivity in the design 

of marine protected areas. Glob. Ecol. Conserv. 17, (2019). 

44. Gill, D. A. et al. Capacity shortfalls hinder the performance of marine protected areas 

globally. Nature 543, 665–669 (2017). 

45. Wenzel, L. et al. Establishing Marine Protected Areas in a Changing Climate. (IUCN, 

2025). doi:10.2305/KQCA8125. 

46. Millington-Drake, M. et al. NAVIGATING CHANGE THE ROLE OF CLIMATE-SMART 

MPAS IN ACHIEVING 30X30. 21 https://www.bluemarinefoundation.com/wp-

content/uploads/2025/04/Climate-Smart-Report-Blue-Marine.pdf (2025). 

47. Spalding, A. K. & McKinley, E. The State of Marine Social Science: Yesterday, Today, and 

into the Future. Annu. Rev. Mar. Sci. 17, 143–165 (2025). 

48. Corrigan, C., J. Robinson, C., Burgess, N. D., Kingston, N. & Hockings, M. Global Review 

of Social Indicators used in Protected Area Management Evaluation. Conserv. Lett. 11, 

e12397 (2018). 

49. Wilson, K. L., Tittensor, D. P., Worm, B. & Lotze, H. K. Incorporating climate change 

adaptation into marine protected area planning. Glob. Change Biol. 26, 3251–3267 (2020). 

50. EMODnet. European Marine Observation and Data Network (EMODnet) — Portal. 

https://emodnet.ec.europa.eu/en (2025). 

51. Copernicus Marine Service. Copernicus Marine Service — Home Page. 

https://marine.copernicus.eu/ (2025). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

52. Green Finance Institute. Green Finance Institute — Home Page. 

https://www.greenfinanceinstitute.com/ (2025). 

53. BlueInvest (Maritime Forum, European Commission). BlueInvest – Investment Platform for 

the Sustainable Blue Economy. https://maritime-

forum.ec.europa.eu/theme/investments/blueinvest_en (2025). 

54. European Commission. REPowerEU – Energy policy page. 

https://commission.europa.eu/topics/energy/repowereu_en (2025). 

55. Bennett, N. J. & Dearden, P. From measuring outcomes to providing inputs: Governance, 

management, and local development for more effective marine protected areas. Mar. Policy 

50, 96–110 (2014). 

56. Bennett, N. J. et al. Local support for conservation is associated with perceptions of good 

governance, social impacts, and ecological effectiveness. Conserv. Lett. 12, (2019). 

57. Bohorquez, J. J. et al. A New Tool to Evaluate, Improve, and Sustain Marine Protected Area 

Financing Built on a Comprehensive Review of Finance Sources and Instruments. Front. 

Mar. Sci. 8, (2022). 

58. Christie, P. et al. Why people matter in ocean governance: Incorporating human dimensions 

into large-scale marine protected areas. Mar. Policy 84, 273–284 (2017). 

59. Rilov, G. et al. A fast‐moving target: achieving marine conservation goals under shifting 

climate and policies. Ecol. Appl. 30, (2020). 

60. Schultz, M. et al. A framework to identify barriers and levers to increase the levels of 

protection of marine protected areas. One Earth 5, 987–999 (2022). 

61. Trouillet, B. & Jay, S. The complex relationships between marine protected areas and marine 

spatial planning: Towards an analytical framework. Mar. Policy 127, (2021). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

62. von Nordheim, H. Marine Protected Areas: Global Framework, Regional MPA Networks and 

a National Example. in Handbook on Marine Environment Protection : Science, Impacts and 

Sustainable Management (eds Salomon, M. & Markus, T.) 871–890 (Springer International 

Publishing, Cham, 2018). doi:10.1007/978-3-319-60156-4_46. 

63. Wilson, K. L., Tittensor, D. P., Worm, B. & Lotze, H. K. Incorporating climate change 

adaptation into marine protected area planning. Glob. Change Biol. 26, 3251–3267 (2020). 

64. IPCC. The Ocean and Cryosphere in a Changing Climate: Special Report of the 

Intergovernmental Panel on Climate Change. (Cambridge University Press, 2022). 

doi:10.1017/9781009157964. 

65. Poloczanska, E. S. et al. Global imprint of climate change on marine life. Nat. Clim. Change 

3, 919–925 (2013). 

66. Burrows, M. T. et al. Ocean community warming responses explained by thermal affinities 

and temperature gradients. Nat. Clim. Change 9, 959–963 (2019). 

67. Ondiviela, B. et al. The role of seagrasses in coastal protection in a changing climate. Coast. 

Eng. 87, 158–168 (2014). 

68. Schmidt, D. N., Pieraccini, M. & Evans, L. Marine protected areas in the context of climate 

change: key challenges for coastal social-ecological systems. Philos. Trans. R. Soc. B Biol. 

Sci. 377, (2022). 

69. Hoppit, G. et al. Enhancing marine protected areas with effective ecological and 

environmental data integration. Ecol. Indic. 178, 114119 (2025). 

70. Dunham, A., Dunham, J. S., Rubidge, E., Iacarella, J. C. & Metaxas, A. Contextualizing 

ecological performance: Rethinking monitoring in marine protected areas. Aquat. Conserv. 

Mar. Freshw. Ecosyst. 30, 2004–2011 (2020). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

71. McLean, M. J., Mouillot, D., Goascoz, N., Schlaich, I. & Auber, A. Functional 

reorganization of marine fish nurseries under climate warming. Glob. Change Biol. 25, 660–

674 (2019). 

72. Pinsky, M. L., Selden, R. L. & Kitchel, Z. J. Climate-Driven Shifts in Marine Species 

Ranges: Scaling from Organisms to Communities. Annu. Rev. Mar. Sci. 12, 153–179 (2020). 

73. Pacifici, M. et al. Assessing species vulnerability to climate change. Nat. Clim. Change 5, 

215–224 (2015). 

74. Razgour, O. et al. Considering adaptive genetic variation in climate change vulnerability 

assessment reduces species range loss projections. Proc. Natl. Acad. Sci. 116, (2019). 

75. EEA. Marine protected areas in Europe’s seas. 

https://www.eea.europa.eu/en/analysis/indicators/marine-protected-areas-in-europes-seas 

(2024). 

76. Beger, M. et al. Demystifying ecological connectivity for actionable spatial conservation 

planning. Trends Ecol. Evol. 37, 1079–1091 (2022). 

77. Cambra, E. et al. Guidance for Building Climate Change Scenarios for Protection Strategies. 

https://msp4bio.eu/wp-content/uploads/2024/07/Deliverable-3.3_Guidance-for-including-

Climate-Change-scenarios-in-protection-and-prioritization-strategies-for-Marine-Protected-

Areas-development-1.pdf (2024). 

78. D’Aloia, C. C. et al. Coupled Networks of Permanent Protected Areas and Dynamic 

Conservation Areas for Biodiversity Conservation Under Climate Change. Front. Ecol. Evol. 

7, 27 (2019). 

79. Bennett, N. J., Blythe, J., White, C. S. & Campero, C. Blue growth and blue justice: Ten 

risks and solutions for the ocean economy. Mar. Policy 125, (2021). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

80. Esmail, N. et al. What’s on the horizon for community-based conservation? Emerging threats 

and opportunities. Trends Ecol. Evol. 38, 666–680 (2023). 

81. Sanchirico, J. N., Cochran, K. A. & Emerson, P. M. Marine Protected Areas: Economic and 

Social Implications. 2–26 (2002) doi:10.22004/AG.ECON.10795. 

82. Bennett, N. J. et al. Advancing Social Equity in and Through Marine Conservation. Front. 

Mar. Sci. 8, (2021). 

83. Gill, D. A. et al. A diverse portfolio of marine protected areas can better advance global 

conservation and equity. Proc. Natl. Acad. Sci. 121, (2024). 

84. Schreckenberg, K., Franks, P., Martin, A. & Lang, B. Unpacking equity for protected area 

conservation. PARKS 22, 11–26 (2016). 

85. Braga, H. D. O., Pardal, M. Â. & Azeiteiro, U. M. Incorporation of Local Ecological 

Knowledge (LEK) into Biodiversity Management and Climate Change Variability Scenarios 

for Threatened Fish Species and Fishing Communities—Communication Patterns Among 

BioResources Users as a Prerequisite for Co-management: A Case Study of Berlenga MNR, 

Portugal and Resex-Mar of Arraial do Cabo, RJ, Brazil. in Handbook of Climate Change 

Communication: Vol. 2 (eds Leal Filho, W., Manolas, E., Azul, A. M., Azeiteiro, U. M. & 

McGhie, H.) 237–262 (Springer International Publishing, Cham, 2018). doi:10.1007/978-3-

319-70066-3_16. 

86. Di Franco, A. et al. Improving marine protected area governance through collaboration and 

co-production. J. Environ. Manage. 269, 110757 (2020). 

87. Giakoumi, S. et al. Revisiting “Success” and “Failure” of Marine Protected Areas: A 

Conservation Scientist Perspective. Front. Mar. Sci. 5, 223 (2018). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

88. Norström, A. V. et al. Principles for knowledge co-production in sustainability research. Nat. 

Sustain. 3, 182–190 (2020). 

89. Wylie, L., Sutton-Grier, A. E. & Moore, A. Keys to successful blue carbon projects: Lessons 

learned from global case studies. Mar. Policy 65, 76–84 (2016). 

90. Sumaila, U. R. et al. Financing a sustainable ocean economy. Nat. Commun. 12, (2021). 

91. Cisneros-Montemayor, A. M. et al. Enabling conditions for an equitable and sustainable blue 

economy. Nature 591, 396–401 (2021). 

92. Elliott, M., Borja, Á. & Cormier, R. Managing marine resources sustainably – Ecological, 

societal and governance connectivity, coherence and equivalence in complex marine 

transboundary regions. Ocean Coast. Manag. 245, 1–10 (2023). 

93. Ansong, J., Gissi, E. & Calado, H. An approach to ecosystem-based management in maritime 

spatial planning process. Ocean Coast. Manag. 141, 65–81 (2017). 

94. Protected Planet. Protected Areas (WDPA). Protected Planet 

https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA (2025). 

95. Kyriazi, Z., Maes, F. & Degraer, S. Coexistence dilemmas in European marine spatial 

planning practices. The case of marine renewables and marine protected areas. Energy Policy 

97, 391–399 (2016). 

96. Council of the European Communities. Council Directive 92/43/EEC on the Conservation of 

Natural Habitats and of Wild Fauna and Flora. 7–50 https://eur-

lex.europa.eu/eli/dir/1992/43/oj (1992). 

97. European Parliament and Council. Directive 2009/147/EC on the Conservation of Wild Birds. 

7–25 https://eur-lex.europa.eu/eli/dir/2009/147/oj (2009). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

98. European Parliament and Council. Directive 2008/56/EC Establishing a Framework for 

Community Action in the Field of Marine Environmental Policy (Marine Strategy 

Framework Directive). 19–40 https://eur-lex.europa.eu/eli/dir/2008/56/oj/eng (2008). 

99. European Parliament and Council. Directive 2014/89/EU Establishing a Framework for 

Maritime Spatial Planning. Official Journal of the European Union. 135–145 https://eur-

lex.europa.eu/eli/dir/2008/56/oj/eng (2014). 

100. European Commission. An Integrated Maritime Policy for the European Union. 

https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2007:0575:FIN:EN:PDF 

(2007). 

101. Langlet, D. Legitimacy and EU Marine Governance. in The Environmental Rule of Law 

for Oceans (eds Platjouw, F. M. & Pozdnakova, A.) 193–206 (Cambridge University Press, 

2023). doi:10.1017/9781009253741.020. 

102. Ehler, C. & Douvere, F. Marine Spatial Planning: a step-by-step approach toward 

ecosystem-based management. Intergovernmental Oceanographic Commission and Man and 

the Biosphere Programme. Preprint at https://doi.org/10.25607/OBP-43 (2009). 

103. Queirós, A. M. et al. The opportunity for climate action through climate-smart Marine 

Spatial Planning. Npj Ocean Sustain. 4, 26 (2025). 

104. Frazão Santos, C. et al. Marine spatial planning and marine protected area planning are 

not the same and both are key for sustainability in a changing ocean. Npj Ocean Sustain. 4, 

23 (2025). 

105. International Maritime Organization. Revised Guidelines for the Identification and 

Designation of Particularly Sensitive Sea Areas. 1–13 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/IndexofIMOResolutions/Asse

mblyDocuments/A.982(24).pdf (2005). 

106. Karcher, D. B., Tuohy, P., Cooke, S. J. & Cvitanovic, C. Knowledge exchange at the 

interface of marine science and policy: A review of progress and research needs. Ocean 

Coast. Manag. 253, 107137 (2024). 

. 

Figure legends 

Figure 1 | Overview of the study framework and analytical dimensions. 

Schematic summary of the guiding research questions, transdisciplinary methodology 

(structured expert workshops, thematic synthesis, prioritisation), and clustered 

recommendations for climate-ready Marine Protected Areas (MPAs). 

Figure 2 | Critical ecological challenges for climate-ready MPAs. 

Mean scores (±95% CI) from expert ratings (n = 11) on the criticality of ecological challenges 

identified during Workshop 1, assessed on a scale from 0 (least critical) to 10 (most critical). 

Figure 3 | Ecological opportunities and requirements with highest potential. 

Mean scores (±95% CI) from expert ratings (n = 11) on ecological opportunities identified during 

Workshop 1, assessed on a scale from 1 (least potential) to 10 (most potential). 

Figure 4 | Ecological actions with highest impact relative to required effort. 

Expert ratings (n = 11) of ecological actions identified during Workshop 1, assessed on a 1–10 

effort/impact scale. Axis limits were adjusted to improve readability given the clustering of 

ratings; all actions are shown. 

Figure 5 | Critical socio-economic challenges for climate-ready MPAs. 

Mean scores (±95% CI) from expert ratings (n = 9) on socio-economic challenges identified 

during Workshop 1, assessed on a scale from 0 (least critical) to 10 (most critical). 

Figure 6 | Socio-economic opportunities with highest potential. 

Mean scores (±95% CI) from expert ratings (n = 9) on socio-economic opportunities identified 

during Workshop 1, assessed on a scale from 0 (least potential) to 10 (most potential). 

Figure 7 | Socio-economic actions with highest impact relative to effort. 

Expert ratings (n = 9) of socio-economic actions identified during Workshop 1, assessed on a 1–
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10 effort/impact scale. Axis limits were adjusted to improve readability given the clustering of 

ratings; all actions are shown. 

Figure 8 | Critical governance and management challenges for climate-ready MPAs. 

Mean scores (±95% CI) from expert ratings (n = 8) on governance and management challenges 

identified during Workshop 1, assessed on a scale from 0 (least critical) to 10 (most critical). 

Figure 9 | Governance opportunities and requirements with highest potential. 

Mean scores (±95% CI) from expert ratings (n = 8) on governance opportunities identified during 

Workshop 1, assessed on a scale from 0 (least potential) to 10 (most potential). 

Figure 10 | Governance actions with highest impact relative to effort. 

Expert ratings (n = 7) of governance actions identified during Workshop 1, assessed on a 1–10 

effort/impact scale. Axis limits were adjusted to improve readability given the clustering of 

ratings; all actions are shown. 

Figure 11 | Professional affiliation of workshop participants by sector.  

Distribution of institutional affiliations among registered participants in the first climate-ready 

MPA workshop (n = 122). 

Figure 12 | Geographic distribution of registered workshop participants. 

Countries represented by at least one registered participant. 

Figure 13 | Overview of the workshop process and analytical workflow. 

Sequential process from conceptual framing and definition of analytical dimensions to 

workshop facilitation, qualitative synthesis, prioritisation, and final integration of co-author 

input.  

Data availability 

The datasets generated and analysed during this study include workshop materials (e.g. notes, 

Miro boards, polling results) and the coding frameworks used in the qualitative analysis. Raw 

qualitative data containing identifiable participant contributions (e.g. transcripts and verbatim 

statements) cannot be made publicly available due to GDPR constraints and confidentiality 

agreements. A minimal anonymised dataset comprising aggregated polling results, anonymised 

workshop outputs and the coding frameworks, is available from the corresponding author on 

reasonable request. 
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