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SUMMARY

Marine protected areas (MPAs) are increasingly being promoted as an ocean-based climate solution. How-
ever, such claims remain controversial because of the diffuse and poorly synthesized literature on climate
benefits of MPAs. To address this knowledge gap, we conducted a systematic literature review of 22,403
publications spanning 241 MPAs and analyzed these across 16 ecological and social pathways through
which MPAs could contribute to climate change mitigation and adaptation. Our meta-analysis demonstrates
that marine conservation can significantly enhance carbon sequestration, coastal protection, biodiversity,
and the reproductive capacity of marine organisms as well as fishers’ catch and income. Most of these ben-
efits are only achieved in fully or highly protected areas and increase with MPA age. Although MPAs alone
cannot offset all climate change impacts, they are a useful tool for climate change mitigation and adaptation
of social-ecological systems.
INTRODUCTION

Climate change has started to undermine human well-being and

planetary health, generating a sense of urgency to identify effec-

tive mitigation and adaptation strategies.1 Recent years have

seen a growing focus on the ocean’s central role in climate2 as

well as an increase in associated advocacy efforts. This is re-

flected, among other things, in the increasing inclusion of ocean

issues in nationally determined contributions for climate mitiga-

tion and adaptation.3

Considerable consensus exists on the cascading impacts of

climate change on marine ecosystems and coastal commu-

nities,2,4–6 but no such consensus exists on ocean-based

climate solutions.7 Most notably, although the potential of ocean

conservation tools such as marine protected areas (MPAs) is

widely recognized to deliver multiple positive ecological and

social outcomes,8,9 their ability to contribute to the resilience

of marine social-ecological systems to climate change or to

contribute to carbon sequestration remains highly controver-

sial.10–13 Although dogmatism drives part of these disagree-

ments,14 the underlying scientific challenge lies in the diverse

and diffuse body of research that allows us to formulate a range

of hypotheses on whether marine conservation can serve as a

climate solution. Some argue that the increases in abundance,

biomass, and biodiversity of fished populations occurring in

MPAs15–17 promote other ecological outcomes, such as repro-

ductive output, genetic diversity, or ecosystem stability,10 ulti-

mately contributing to the adaptive potential of marine ecosys-

tems to climate change.18–20
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However, few studies have directly tested the effects of MPAs

on climate change adaptative potential, and the existing litera-

ture shows contrasting results.21,22 A great amount of literature

has shown that MPAs failed to protect coral reefs from bleaching

during heat waves.23 In some instances, coral loss has even

been shown to be greater in MPAs than in unprotected areas.

This phenomenon, referred to as the ‘‘protection paradox,’’12

has fueled much of the opposition in advocating MPAs as a

tool for climate adaptation.

The effects of marine conservation on social adaptive poten-

tial are another contentious topic because millions of liveli-

hoods directly depend on fisheries for income and food secu-

rity. Although MPAs have been shown to provide benefits to

fisheries because of spillover of fish from protected to fished

areas,24 controversy remains regarding the overall costs and

benefits to fishing communities.25–27 Because coastal popula-

tions are among the most vulnerable to climate change,1,2 it

is paramount to identify solutions that will not further negatively

impact their adaptive capacity.28,29 However, no synthesis of

the literature examining how MPAs impact social adaptive po-

tential exists, casting doubt on whether marine conservation

can be used as a holistic tool that benefits marine ecosystems

and coastal communities.30

The debate has also centered on the ability of MPAs to provide

climate mitigation benefits, notably through increased carbon

sequestration from rebuilt fish populations or from undisturbed

sediments from trawling bans.13,31 Clarity regarding how ocean

conservation contributes to ecological adaptation, social adap-

tation, and climate change mitigation is urgently needed to
by Elsevier Inc.
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ensure that effective ocean-based strategies are adopted in

climate change policies.

To address these knowledge gaps, we identified the potential

pathways through which MPAs could contribute to climate

change mitigation and adaptation (hereafter referred to as

‘‘climate pathways’’). A layered typology was used to classify

these climate pathways: first along mitigation and adaptation di-

mensions and then distinguishing among ecological and social

dimensions of adaptation. We then carried out a systematic liter-

ature review and summarized the results of all empirical studies

documenting MPA outcomes on these climate pathways using

vote counting and a meta-analytical approach. Vote counting

(i.e., calculating the fraction of studies reporting positive, nega-

tive, or neutral outcomes) allows us to synthesize results from

both qualitative and quantitative studies and to overcome

some publication biases associated with meta-analysis. For

these reasons, it is commonly used in social science,25,32 as

well as in ecology.33,34 When sufficient quantitative data were

available to perform meta-analysis, we also quantified the direc-

tion, magnitude, and uncertainty of MPA outcomes on climate

pathways. Because previous analyses have shown that high

levels of protection are required to achieve ecological15 and so-

cial35 outcomes, we also investigated whether this was a neces-

sary condition for MPAs to produce climate mitigation and adap-

tation benefits.

Our literature review found that marine conservation enhances

most ecological and social climate pathways. Meta-analyses

showed that MPAs significantly increase carbon sequestration,

coastal protection, biodiversity, and the reproductive capacity

of marine organisms as well as fishers’ catch and income. How-

ever, these benefits were only achieved under full or high levels

of protection. Our study provides evidence that MPAs constitute

an effective solution for climate change mitigation and adapta-

tion of the intertwined components of social-ecological systems.

MPA MITIGATION AND ADAPTATION PATHWAYS

Sixteen pathways through which MPAs could contribute to

climate change mitigation and adaptation were identified by

drawing on reviews of social and ecological outcomes of

MPAs10,12,20,25,28 (Table S1). Two climate pathways contributed

to climatemitigation (carbon sequestration and local acidity buff-

ering) and 14 to climate adaptation (Figure 1). Social adaptation

pathways were derived from the five pillars of social adaptive ca-

pacity28: assets, flexibility, agency, learning, and social organiza-

tion, to which was added food security.30 Ecological pathways

were derived from climate adaptation pathways described previ-

ously:10,12,20 connectivity, phenotypic plasticity, genetic diver-

sity, biodiversity, stability, reproductive output, body condition,

and coastal protection. Up to two indicators were selected to

measure each pathway based on the most common indicators

used in the reviewed studies. Additional indicators were also

investigated when they allowed us to quantify aspects of the

studied pathways not yet captured by the first two indicators

(TableS2; FigureS4). Thedefinitionof eachpathwayand theunits

used to measure each indicator are detailed in Table S2. For two

pathways (carbon sequestration and coastal protection), we also

included all studies comparing exploited and preserved marine

areas even when not officially labeled MPAs. This was done
because the literature documenting the effect of preservation ini-

tiatives, comparable withMPAs, is abundant, whereas almost no

study directly documenting MPAs is available.

The systematic literature review on MPA effects on climate

pathways generated a total of 22,403 publications, of which

378 were included in vote counting, providing insights from

241 different MPAs. Publications were unevenly distributed

among continents (Figures 1B–1D), with most ecological adap-

tation pathways studied in Europe and most mitigation and so-

cial adaptation pathways studied in Asia (Figure S2). We found

empirical evidence documenting the effects of MPAs on all

climate pathways except acidity buffering, connectivity, and

phenotypic plasticity (Figure 1). Eight climate pathways had suf-

ficient quantitative data (n > 3) to perform a meta-analysis.

MARINE CONSERVATION CONTRIBUTES TO CARBON
SEQUESTRATION

We investigated the effects ofmarine conservation on the carbon

(C) sequestration capacity of sixmarineCsinks: threeblueCeco-

systems (mangrove, tidal marshes, and seagrass), which have

already been recognized by the Intergovernmental Panel on

Climate Change (IPCC) for C accounting schemes,36 as well as

sediments, macroalgae, and fish.31,37 C sequestration was

defined as organic C stored for over 100 years.38 Mean effect

sizes (log response ratios [lnRR], 95% confidence interval) indi-

cated significant increases in C sequestration in preserved or

restored seagrass (lnRR = 0.76 ± 0.34) and mangrove (lnRR =

0.75 ± 0.14) ecosystems in comparison with similar areas under-

going human pressure (e.g., thinning, anchoring, conversion to

plantations). Similarly, sediments in untrawled seabed seques-

tered significantly more C than areas exposed to trawling

(lnRR = 0.13 ± 0.10). Conservation had no effect on C seques-

tered by tidal marshes (Figure 2D), mostly because conversion

of unprotected marsh into agricultural land increased C seques-

tered in plant biomass and in the soil.39 Partial (e.g., thinning,

anchoring) or full (e.g., clear cutting, excavating) degradation of

mangroves and seagrass resulted in similar decreases of

sequestered C, indicating that even low levels of human impact

result in important C emissions (Figure S6). No studies docu-

mented the effect of protection on the quantity of sequestered

C originating from fish or macroalgae biomass. However, many

studies have shown that MPAs significantly increase fish

biomass (lnRR = 1.10 ± 0.58),16 which can serve as a proxy for

C sequestration because a portion of that biomass undergoes

exportation and is subsequently sequestered in the deep sea.40

This is supported by several studies that calculated large impacts

of fisheries on C sequestration from fish biomass removal.31,41

However, this remains an indirect measurement of C sequestra-

tion, and more research is needed to quantify the exportation

rates of organic C from fish biomass toward sediments.42

Althoughmacroalgae are increasingly being advocated as signif-

icant actors in marine C sequestration,37,43 major knowledge

gaps remain regarding how marine conservation affects their

living biomass and, thus, their contribution to C sequestration.

Although the effect of MPAs on local acidity buffering was not

documented by any study, our meta-analysis revealed that sea-

grass increased mean local pH and that mangroves and macro-

algae decreased it (Figure 3). Benefits to the adaptive potential of
One Earth 5, October 21, 2022 1127



Figure 1. Pathways through which MPAs can contribute to climate change mitigation or adaptation, with quantitative and spatial
assessment of available information
(A) List of the climate pathways identified and their associated indicators. Blue, green, and orange color themes highlight the classification of pathways among
mitigation, ecological adaptation, and social adaptation categories, respectively. Social and ecological adaptation pathways are shown linked to the components
of adaptation (i.e., resistance, recovery, and adaptive potential) to which they contribute. The number of articles found through our search queries and the number
of articles that met the screening criteria for vote counting and meta-analysis are indicated for each pathway. The width of bars is proportional to the number of
studies selected at each step. CPUE stands for catch per unit effort.
(B–D) Location of the study sites documenting pathways of climate mitigation (B), ecological adaptation (C), and social adaptation (D). The size of dots is
proportional to the number of studies at a given location for a given pathway.
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marine organisms could arise from exposure to greater pH fluc-

tuations that occur in vegetated habitats, which has been

shown to increase tolerance to acidification.44 More research

is required to support this hypothesis and assess whether con-

servation of vegetated habitats could benefit pH buffering or

acidity tolerance.

CONTRIBUTION OF MPAs TO ECOLOGICAL
ADAPTATION

We found that MPAs contribute to ecological adaptation by

increasing biodiversity, reproductive output, and coastal protec-

tion compared with unprotected sites (Figure 2C). Species rich-

ness was higher in MPAs (lnRR = 0.20 ± 0.10), in agreement with

previous regional17 and global45 meta-analyses, but the Shan-

non index was unchanged between protected and unprotected

sites (lnRR = 0.06 ± 0.06). Increased species richness could

play a central role in climate adaptation because more species

increase the odds that ecosystem functions are maintained

even after a stressor eliminates certain species,46 a concept

referred to as the insurance hypothesis.47 Effects of MPAs on
1128 One Earth 5, October 21, 2022
the reproductive output of marine organisms (measured as

increased larval densities and egg production) had the greatest

magnitude of all studied pathways (lnRR = 1.21 ± 0.96). This

likely results from larger, older, and more abundant individuals

in MPAs, leading to increased production of offspring.48 In

contrast, recruitment rates showed no significant increase,

which could be explained by the higher predation rates on re-

cruits experienced in MPAs.49 Reproductive capacity is an

important attribute of adaptation because it is linked to faster

rates of population recovery50 and increased larval dispersal dis-

tance, which, in turn, can promote populations’ connectivity and

ability to colonize new habitats.48

Preservation of mangroves and tidal marshes enhanced

coastal protection through soil accretion rates of an additional

1.38 ± 0.88 cm year�1 compared with degraded habitats. Coral

reefs and seagrass can also contribute to coastal protection

through wave attenuation (Figure 3), but no studies have as-

sessed whether wave attenuation is enhanced when habitats

are in anMPA. However, wave attenuation is linked to a habitat’s

structural complexity and vegetation density,51,52 which sug-

gests that habitats protected from physical disturbance would



Figure 2. Effects of marine protected areas (MPAs) on climate change mitigation and adaptation pathways
(A–C) Climate pathways (A) and direction of reportedMPA effects from studies included in the vote-counting analysis (B) andmagnitude of outcomes from studies
included in the meta-analysis (C). In (B), the x axis indicates the cumulative number of studies reporting positive outcomes (right side of the bar plot, green) and
ambiguous, negative, or neutral outcomes (left side of the bar plot). In (C), the x axis indicates the log-transformed ratio of indicators betweenMPAs and controls.
In the case of coastal protection, the effect size was calculated as the Euclidian difference between MPAs and controls, hence the separate scale provided.
Values are presented as mean values ± 95% confidence interval. Black dots indicate effect sizes that do not overlap zero and white dots those that overlap zero.
Sample sizes (i.e., number of studies) of vote counting and meta-analysis results are indicated by n values. *In the case of C sequestration from fish biomass, the
effect size was calculated from three previous meta-analyses, representing data from many more individual studies.
(D–F) Effect of habitat type (D), protection level (E), and presence of a fully protected area (F) on the capacity of MPAs to provide climate benefits. Colors, sample
size, and x axis have the samemeaning as in (C). yEffects of full protection on C sequestration (fish biomass only) are reported from Lester et al.16 zEffects of high
and low protection on C sequestration (fish biomass only) are reported from Zupan et al.15
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perform better than degraded habitats. We found that MPAs

increased ecosystem stability, but quantitative evidence re-

mains too low to draw general conclusions (lnRR = 0.10

[�0.03, 0.63], n = 5). MPAs had no effect on genetic diversity

(measured as allelic richness, expected heterozygosity, and

observed heterozygosity; Figures 2C and S7). This is consistent

with the one previous regional meta-analysis53 that also found no

effect of MPAs on genetic diversity.
Body condition could only be assessed through vote counting,

and studies mostly reported a neutral effect of MPAs (Figure 2B).

Connectivity and phenotypic plasticity were not addressed by

any studies. Greater larval and egg densities inMPAs do indicate

an increased potential for dispersal, but whether this potential

effectively translates into increased connectivity with adjacent

areas remains to be evidenced, using indicators such as fixation

index.54 The ability of MPAs to enhance connectivity constitutes
One Earth 5, October 21, 2022 1129



Figure 3. Contribution of marine habitats to
climate pathways
Values in barplots indicate the capacity of marine
habitats to contribute to C sequestration (mg C
km�2), coastal protection (accretion in mm year�1

and wave attenuation in % wave decrease), and
acidity buffering (D pH unit). The height of the bar-
plots represents the capacity of habitats to
contribute to a given indicator relative to the
maximum value reached by a habitat. For pH buff-
ering, negative values indicate that the habitat de-
creases the average local pH. The spatial extent of
habitats is indicated under each habitat’s name and
is represented by a half-sphere area that is log
proportional to its global spatial area.
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a major knowledge gap because connectivity is one of the most

important pathways for adaptation to climate change by allowing

recolonization of disturbed habitats, gene exchange, and cli-

matic migration.55

CONTRIBUTION OF MPAs TO SOCIAL ADAPTATION

Among social adaptation pathways, food security and assets

displayed sufficient quantitative data to perform ameta-analysis.

MPAs significantly increased food security (lnRR = 0.43 ± 0.21;

Figure 2C), measured using catch per unit effort (CPUE). In-

creases in CPUE arise from replenishment of fish populations

in MPAs that can subsequently spill over into fishing grounds,

benefitting local fisheries.24 Increases in CPUE occurred when

comparing fishing in and outside of MPAs, in the case of partially

protected areas, and when comparing fishing near and far away

from MPAs (Figure S8). In both cases, we only observed in-

creases in CPUEwhen theMPA included or was a fully protected

area; i.e., a protected area where no fishing is allowed

(Figure 2F). Our results oppose those of a regional meta-anal-

ysis56 that found a negative impact of MPAs on the CPUE of

southern European fisheries. We suggest that our results, built

on a higher number of studies and a wider geographical scale,

overcome the specificities of this previous meta-analysis and

better reflect the effects of MPAs on fisheries. This result is

backed up by the observed increase in fishers’ income in the

presence of a fully protected area (lnRR = 0.35 ± 0.29). Increased

fishers’ income demonstrates that MPAs can potentially offset

costs generated by displacement of fishing grounds. Increases

in CPUE and income support the long-running controversy that

MPAs can enhance the livelihood of fishers, which, in turn, con-
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tributes to building social adaptive capac-

ity to climate change through increased

food security and assets.

MPAs had a majority of positive out-

comes across all social adaptive pathways

(i.e., 8 indicators out of 11) with the excep-

tion of social organization (Figures 2B, S3,

and S4). In addition to CPUE and income

benefits, the most positive social adaptive

outcomes of MPAs were increases in envi-

ronmental awareness (95% of cases),

participation (57%of cases), and alternative

livelihood (48% of cases). These findings
are consistent with previous systematic reviews.25,32 The three in-

dicators forwhichwe foundnegativeoutcomesofMPAswereuser

rights, conflict, and costs (used tomeasure agency, social organi-

zation, and assets pathways, respectively). In 65% of cases, user

rights were negatively affected by access and extraction restric-

tions imposed by MPA regulation, reducing local people’s

agency.27,57 Increases in conflicts (59% of cases) arose from

changes in spatial use of marine areas, potentially leading to ten-

sions between different activity sectors; e.g., tourism operators

and fishers.58 However, MPAs increased social cohesion (56%

of cases), likely resulting from a shared conservation vision and

sense of purpose between stakeholders.59 Such a discrepancy

ofMPA outcomes on conflict and cohesion suggests that impacts

of MPAs on social organization are strongly context dependent.

CONDITIONS UNDER WHICH MPAs DELIVER CLIMATE
BENEFITS

We found sufficient data to investigate the effect of the level of

protection, age, and size of MPAs on four climate pathways

(C sequestration, biodiversity, CPUE, and income).

Across all four pathways, only full and high levels of protection

resulted in mitigation or adaptation benefits (Figure 2E). In

contrast, lower levels of protection generated no benefits. In-

creases in species richness and in fishers’ income only occurred

for fully protected areas, where no fishing is allowed. Increases in

CPUE and C sequestration were also achieved by highly pro-

tected areas, where low-impact fishing is allowed. However,

this was only the case when a fully protected area was also pre-

sent in theMPA considered (i.e., amulti-zoneMPAwith one zone

being a fully protected area).



Figure 4. Disentangling confounding factors
of the protection paradox
Effect sizes were calculated as natural log ratios of
MPA and controls for resistance, recovery, and ex-
pected ecological adaptation of marine organisms.
Values represent mean ± 95% CI. Black effect sizes
indicate CIs that do not overlap zero, and white ef-
fect sizes indicate CIs that do overlap zero. Colored
dots represent individual effect sizes calculated
from each publication that were included in the
overall effect size represented. Colors of
dots represent the taxa of organisms studied in each
publication. Donut diagrams on the right represent
the distribution of individual effect sizes among taxa.
Contributing pathways indicate the pathways from
which individual effect sizes were aggregated to
obtain the effect size of expected ecological adap-
tation.
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All four climate pathways were positively correlated with

MPA age (Figure S9; Table S5). This is explained by the time

required for exploited fish stocks to rebuild and subsequently

benefit adjacent fisheries. Similarly, C sequestration was posi-

tively correlated with the number of years since restoration of

mangroves and seagrass. CPUE was positively correlated

with MPA size (Figure S10), which can result from a greater pro-

portion of mobile fish having their home ranges included in the

MPA.60 Level of protection, age, and size have already been

established as important drivers and enabling conditions for

MPAs to deliver positive ecological outcomes.15,61 Our results

show that this is also the case for climate mitigation and adap-

tation benefits.

In addition to size, age, and protection level, the magnitude

of climate benefits achieved through protection depends on

the marine habitat considered. The characteristics of each ma-

rine habitat influence its ability to contribute to climate path-

ways, and its spatial extent determines its maximum potential

contribution to climate change adaptation and mitigation

(Table S6). This is particularly true for the C sequestration,

coastal protection, and acidity buffering pathways, which

derive from ecosystem services delivered by specific habitats.

Habitats with high C sequestration potential but low spatial

extent (e.g., mangroves and seagrass; Figure 3) translate into

a high mitigation potential per surface area but low mitigation

potential at the global scale. Conversely, fish and sediments

have lower mitigation potential per surface area but can

play an important role in global climate mitigation because of

their vast extent. More research on sediments and new or up-

dated IPCC guidelines for including sediments and other

marine C pools into national greenhouse gas accounting

would help make MPAs more actionable in climate change miti-

gation and including them into nationally determined contribu-

tions (NDCs).

FROM ADAPTATION PATHWAYS TO RESILIENCE

To test whether the enhanced ecological pathways found in this

study effectively translate into increased climate adaptation, we

performed two complementary meta-analyses quantifying the
effect of MPAs on the resistance and recovery of marine organ-

isms to climatic stressors. Our systematic literature review iden-

tified 19 papers that focused exclusively on warm-water coral

species. We found that MPAs had a negative effect on the resis-

tance of corals to climatic stressors (lnRR =�0.38 ± 0.36) and no

effect on their recovery from climatic stressors (lnRR = 0.04 ±

0.23) (Figure 4), which is consistent with previous findings23

and referred to as the ‘‘protection paradox.’’12 In contrast, we

found a significantly positive effect ofMPAs on expected ecolog-

ical adaptation (lnRR = 0.31 (0.03–0.87)), calculated from all data

points included in resilience-related pathways (i.e., stability,

biodiversity, genetic diversity, and reproduction). The gap be-

tween the expected adaptation benefits that should emerge

from enhanced ecological pathways and the observed absence

of improvement in resistance and recovery of marine organisms

could result from (1) the fact that the adaptation pathways we

measured are inappropriate or too indirect to inform on adapta-

tion capacity or (2) differences in the studied system between re-

covery/resistance studies and adaptation pathways studies. The

latter hypothesis likely plays an important role in this gap

because all studies on recovery and resistance focused on

corals, whereas most studies documenting adaptation path-

ways focused on fished species. Not only is the literature on con-

servation outcomes on resilience biased toward coral species,

but it has also been shown to be further biased toward specific

oceanic regions.62 The ability of MPAs to enhance ecological

adaptation results mostly from alleviation of fishing pressure,

which represents a minor threat to corals in comparison with

temperature rise and acidification.63 In contrast, fishing pressure

is currently the main threat to fished species,64 which is why fully

protected areas were observed to enhance several adaptation

pathways. As a result, the ‘‘protection paradox’’ observed for

corals cannot be generalized to other taxa, and dedicated

studies should be performed to test how MPAs affect the cli-

matic resilience of fished species. Although evidence remains

scarce, theoretical65,66 and empirical22,67 research suggests

positive effects of MPAs on the resilience of fish populations.

More research is required to test whether the enhanced adapta-

tion pathways reported in this study effectively translate into

enhanced resilience of fished species.
One Earth 5, October 21, 2022 1131
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CLIMATE-SMART MPA DESIGNS

A growing body of literature has focused on the design charac-

teristics of ‘‘climate-smart’’ MPA features, aimed at maintaining

current conservation benefits under future climatic conditions.

Recommendations have included MPA networks that account

for future patterns of connectivity under changing oceanic cur-

rents, spatially dynamic MPAs that follow species migrations,

or protection of climatic refuges such as upwelling sites.68,69

Although these elements are certainly worth considering when

designing an MPA, a recurring theme in our results is that

MPAs must be highly or fully protected to provide a broad range

of benefits, including positive climate change mitigation and

adaptation outcomes. The clear signal that level of protection

should take precedence in MPA design is in stark contrast to

the current paradigm of ocean protection globally, with the

proportion of fully and highly protected MPAs worldwide plum-

meting as countries have rushed to meet conservation commit-

ments.70–72 Ensuring high protection levels in existing MPAs

should be the priority to secure climate benefits to coastal so-

cial-ecological systems.

MPA GOVERNANCE

The diverse effects of MPAs on social organization and agency

of coastal communities underscore that governance is a funda-

mental factor in determining whether MPAs will enhance or

impede social adaptation. The outcomes of several social adap-

tation pathways, such as agency and learning, result from how

local stakeholders are included throughout MPA establishment

and management.27,73 Involvement of stakeholders through

co-management allows the identification of peoples’ needs

and minimization of negative social impacts, e.g., through the

development of alternative livelihood options or conflict-resolu-

tion tools.74 Positive perceptions of governance by local stake-

holders has also been shown to increase support and compli-

ance with MPA regulations,75 which, in turn, allows ecological

benefits to accrue.76 This results in a positive feedback loop

whereby perceived ecological benefits act as another incentive

for communities to support MPAs77 and allow food security

and asset benefits to accrue. To promote social adaptive capac-

ity, there is benefit for MPA managers to thoroughly consult and

inform local communities about MPAs’ goals and rules;78 involve

local communities in MPA management and decision-making;79

identify potential negative social outcomes of MPAs and find

solutions to avoid, reduce, or compensate for them;80 and

monitor MPA social outcomes and adjust MPA governance

accordingly.73

WHAT ROLE FOR OCEAN CONSERVATION IN CLIMATE
POLICY?

Understanding the benefits and potential of effective ocean con-

servation has taken on particular urgency in international policy.

Appealing narratives of ocean conservationhave found resonance

in civil society as well as governments, resulting in calls to protect

30% of the ocean by 2030 and expectations of an imminent 30%

target from the Convention on Biological Diversity. Simulta-

neously, ‘‘blue carbon’’ projects have become an attractive pros-
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pect for the private sector, with a 50-fold growth in the blue carbon

offsetmarket projected by2030.81Whencarefully navigated, such

targets and trajectories represent a window of opportunity to un-

derscore the benefits of ocean conservation for nature, the

climate, and human well-being. Likewise, an incautious or non-in-

clusive approach could lead to large-scale dispossession of local

communities from the landscapes and seascapes that sustain

them,82 and poorly implemented protected areas could fail to

deliver the expected benefits, undermining perceptions of MPAs

as an ocean-based climate solution.

Our synthesis provides empirical evidence that MPAs

contribute to climate change mitigation and adaptation, particu-

larly when fully protected, making them a key tool for achieving

the goals of the United Nations Sustainable Development

Agenda and the Paris Climate Agreement. Multiple opportunities

now exist to leverage this scientific basis to guide public policy

and private sector initiatives. First, there is considerable scope

to expand the consideration and recognition of MPAs in national

climate strategies, including NDCs and adaptation communica-

tions.83 Such efforts would be aided by further allocation of re-

sources to accelerate the expansion of IPCC-recognized blue

carbon strategies to include marine sediments, enabling reliable

accounting for mitigation benefits of MPAs with trawling restric-

tion.36 Second, because 64% of the ocean falls outside of

national jurisdictions, it is also fundamental that ongoing negoti-

ations on a treaty for the high seas are successfully concluded

and enable designation of area-based management tools such

as MPAs. Finally, the sense of urgency to act and scale up inno-

vative solutions should be welcomed, but not at the expense of

recognized best practices regarding inclusive MPA governance

and high to full levels of protection.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Joachim Claudet
(joachim.claudet@cnrs.fr).
Materials availability
This study did not generate new unique materials.
Data and code availability
All original code and datasets have been deposited at Zenodo under https://
doi.org/10.5281/zenodo.7108799 and are publicly available as of the date of
publication.

Identification of pathways
Pathways through which MPAs could contribute to climate changemitigation or
adaptation were identified from the literature. Review articles on the ecological
and social adaptive capacity ofmarine systemswere screened, and the compo-
nents of marine climate change mitigation and adaptation listed therein were
attributed to climate pathways. Five reviews were retained,10,12,20,25,28 from
which a total of 16 pathways were identified, as detailed in Table S1. A descrip-
tion of each pathway identified (definition, indicator, unit) is detailed in Table S2.
Definitions of social adaptation pathways were adapted from Cinner et al.28

Systematic literature review search strategy
To investigate the 16 pathways identified in the section ‘‘identification of path-
ways,’’ nine independent systematic searches of published peer-reviewed
literature were performed on Web of Science. Social adaptive pathways
were reviewed through a unique systematic search because most social
studies tackled several social pathways, making it more effective to screen ar-
ticles for all social pathways at once. Following the same logic, the pathways
‘‘body condition,’’ ‘‘phenotypic plasticity,’’ ‘‘resistance,’’ and ‘‘recovery’’ were
reviewed jointly, as well as ‘‘connectivity’’ and ‘‘reproductive potential.’’ All
other pathways were reviewed individually.

mailto:joachim.claudet@cnrs.fr
https://doi.org/10.5281/zenodo.7108799
https://doi.org/10.5281/zenodo.7108799
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To make sure no important article was missed, the database obtained
through our systematic literature searches was complemented with studies
included in previous systematic reviews relevant to one of our pathways.
The following systematic reviews were used to complete our database:

d For social pathways25

d For C sequestration13,84,85

d For resistance and recovery23

Additional articles identified from expert knowledge or from citations in re-
viewed publications were also added to our database.
All systematic reviews were performed using Web of Science with no time

limitation and using the ‘‘topic’’ (titles, abstracts, and keywords) search sec-
tion. The dates when the searches were performed are detailed in Data S1
(accessible through the Zenodo link provided in the ‘‘data and code availabil-
ity’’ section). All search strings were composed of two parts: a part
describing the system of interest and a part describing the climate pathway.
The full search string used for each systematic review can be found in Data
S1. Search strings were validated by making sure a set of five pre-selected
studies that matched our search criteria were found.
For adaptation pathways, the system of interest was limited to MPAs, and

the search string included all different designations used to refer to MPAs
in the literature: ((‘‘locally managed marine area*’’) OR (‘‘locally-managed ma-
rine area*’’) OR (‘‘community-based marine area*’’) OR (‘‘marine community-
based area*’’) OR (‘‘fisher* closure*’’) OR (‘‘marine closure*’’) OR (‘‘marine
restricted area*’’) OR (‘‘restricted marine area*’’) OR (‘‘taboos’’) OR (‘‘tabus’’)
OR (‘‘rahui’’) OR (‘‘marine protected area*’’) OR (‘‘marine reserve*’’) OR (‘‘ma-
rine conservation area*’’) OR (‘‘marine sanctuar*’’) OR (‘‘marine conserved
area*’’) OR (‘‘marine conserved territor*’’) OR (‘‘ocean conservation area*’’)
OR (‘‘marine community-based conservation area*’’)).
For mitigation pathways and coastal protection, the system of interest was

enlarged to preserved habitats because mangroves and marshes benefit from
a variety of conservation measures that act similarly as MPAs by regulating
natural resource extraction. To allow a maximum of results to be found, the
search string broadly included the names of the habitats of interest (Data
S1; see ‘‘data and code availability’’ section), and the articles were selected
when they compared preserved habitats with degraded controls (see
‘‘screening criteria’’ section).
Screening criteria for the vote-counting approach
Screening of articles was performed using a three-stage process: screening of
titles, screening of abstracts, and screening of full texts. Some criteria were
common to all systematic reviews, and others were specific to pathways.
Common screening criteria were as follows:

d The article provided primary data collected on the field or in a lab
(models, reviews, and syntheses were excluded, as well as studies us-
ing datasets already presented in previous studies).

d The system studied was amarine or coastal habitat (freshwater systems
were excluded).

d The study compared an MPA site with a non-MPA site (or a preserved/
restoredhabitatwithadegradedhabitat in thecaseofmitigationpathways
and coastal protection), using a before-after or control-impact design
(before-after-control-impact designs were extracted when available).

d Studies with pseudo-replication were excluded.

In the case of studies comparing MPAs with control sites (all studies docu-
menting adaptation pathways except coastal protection), screening criteria
were as follows:

d The control site must be outside of the MPA (comparisons between no-
take zones and buffer zones or partially protected areas were excluded).

d The MPA must be a permanent closure (seasonal fishery closures were
excluded).

Screening criteria specific to each pathway are detailed in Table S2.
Title and abstract screening were conservative to avoid excluding any rele-

vant studies and were used to phase out studies that were clearly irrelevant to
our search. Studies that passed our title screening phase were exported from
Web of Sceince in an Excel file with all their relative information (including ab-
stracts). Abstracts of the selected articles were then screened using the ab-
stract screener interface provided by the {metagear} package in R Core
Team (2021).86 This package allows us to screen abstracts without showing
authors or the journal’s title, limiting sources of bias in the selection process.
Articles selected after abstract screening were downloaded, and their text
was fully read to assess whether they were relevant to our search criteria.
Selection of indicators for each pathway
A list of indicators used to describe pathways was identified from the studies
that met all screening criteria. When different indicators informed on a same
aspect of a pathway, they were grouped together (e.g., larval density and
egg density were grouped under reproductive output). When different indica-
tors informed on different aspects of a pathway, they were kept distinct (e.g.,
reproductive output and recruitment for the ‘‘reproduction’’ pathway). The list
of indicators selected for each pathway is detailed in Table S2. For clarity of
figures and content, a maximum of two indicators per pathways were pre-
sented in the main article. Indicators presented in the main article were chosen
to represent contrasting MPA outcomes (e.g., a positive and a negative
outcome within the same pathway).

Number of values extracted per study
In the following cases, several values were extracted from a same article:

d When different MPAs were studied.
d When different ecological groups (fish, fished invertebrates, corals,

algae, seagrass .) were studied.
d When different stakeholder groups (fishery, tourism, recreational, and

coastal community) were studied.
d When MPA zones with different levels of protection were studied.

In all other cases, values were averaged between categories (e.g., different
species of the same taxon, different religions within a community .) to avoid
over-representing studies. When time series of values were presented for a
given MPA, only the most recent data point was kept as theMPA ‘‘after’’ value,
and the data point closest to before MPA establishment was kept as the MPA
‘‘before’’ value.

Qualitative data extracted from screened articles
For each value extracted, the following information was also extracted:

d Design of the study: before-after (BA), control-impact (CI) or BACI. For
social studies, the category ‘‘perception’’ when MPA outcomes were
based on interviews and stakeholders’ perceptions.

d MPA name, MPA size (km2), and MPA age (year) at the time of data
collection. MPA age was counted from the moment when the MPA
was enforced rather than announced to account for years during which
marine ecosystems were effectively protected. When MPAs underwent
several stages of extension, we counted MPA age from when the latest
extension was carried out. When MPA features were not reported in the
publication, we used information from the MPA atlas (https://mpatlas.
org/).

d The level of protection of the zone studied by the MPA and, when pre-
sent, the size of the fully protected area in theMPA studied (km2). Levels
of protection were determined according to the regulation-based clas-
sification system for MPAs.87 In addition to information provided in the
study, complementary searches were performed using the MPA atlas
and the official management declarations of MPAs to determine the
level of protection.

d Continent, oceanic region, climate of the study location.
d Ecosystem, taxon, and species studied.
d Type of governance and of stakeholder studied for social pathways.
d Pathway, indicator, unit, and type of error provided in the study.

One spatial point wasmapped for each data point used in vote counting and
meta-analysis. Spatial points were located at the centroid of the protected
area, as found in the MPA atlas (https://mpatlas.org/). Mapping was carried
out using the {sf} package to manipulate vectors, {maps} to create the back-
ground layer, and {tidyr} to manipulate datasets. The projection used was
Mollweide.

Direction of MPA outcomes reported in vote counting
For each articlemeeting our search criteria, the direction reported by the article
(i.e., how marine protection influenced the outcomes of the pathway) was ex-
tracted. The direction of outcomes was positive, negative, neutral, or ambig-
uous. ‘‘Ambiguous’’ was used when contradicting trends were reported by
the article and when the article could not conclude how the MPA affected
the pathway. Increases in positive indicators (e.g., participation, alternative
livelihoods, and catch) were coded as positive (and negative for decreases),
and increases in negative indicators (conflict, costs, mortality, coefficient of
variation) were coded as negative (and positive for decreases).
When results were quantitative and associated with an error, the direction

‘‘neutral’’ was attributed when the 95% confidence interval overlapped zero.
When results were qualitative or when no error was associated with the results,
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the direction of the article was determined using the authors’ interpretation of
the results in the article’s text. In social studies, the directions of outcomes
were often given as percentages, in which case the prevalent category was
chosen for the global direction of the study (e.g., 45% positive, 25% neutral,
and 35% negative were reported as positive). When two outcomes’ propor-
tions were closer than 5% to each other (e.g., 48%negative and 52%positive),
‘‘ambiguous’’ was attributed.

Additional screening criteria for the meta-analyses
Amongstudies thatmetour searchcriteria for votecounting,we identified those
that provided standard statistical data required to performameta-analysis; i.e.,
mean, error, and sample size. Studies providing median values instead of
means were excluded. We subsequently identified the most common unit to
measure a given indicator in the selected studies and excluded all studies
that used units that were not comparable. Several indicators were kept for
the same pathway when they informed on different aspect of that pathway
(e.g., species richness andShannon index for biodiversity). The list of indicators
kept for each pathway is detailed in Table S2. A meta-analysis was only per-
formed when more than three articles met our criteria for a given indicator.

Quantitative data extraction and preparation
Quantitative results were extracted from the main text, tables, and figures of
articles and from supplemental material. Mean values and errors were ex-
tracted from figures using the online application WebPlotDigitizer v.4.0 (Ro-
hatgi 2018). Data extraction of the 16 pathways was carried out by three of
the co-authors of this study. Data extraction of five studies was first carried
out by all co-authors to make sure that the methodology was acquired by
all. All data extracted by a co-author were double-checked by another co-
author to reduce extraction or calculation mistakes.
All types of errors (standard errors, variance, confidence intervals) were con-

verted into standard deviation (SD). Mean values and variance were calculated
when results were presented across categories irrelevant to our study (see
‘‘number of values extracted per study’’ section), and sample size was added.
The same was done when a publication presented multiple control sites for a
unique MPA site. The variance of mean values s2aggregated was calculated using
the following formula:

s2aggregated =
1

k2
:
X

s2i

with si the variance associated with the mean value i being averaged and k the
total number of values being averages.

Calculation of effect size
All MPA outcomes (except in two cases; see below) were modeled as the nat-
ural logarithm response ratio of the indicator measured in theMPA and outside
of the MPA.88 For each study i, the MPA effect size (lnRRi) was calculated as
the log ratio difference of themean value of the indicator in (XMPA;iÞ and outside
of (Xcontrol;iÞ the MPA (CI design) or after (Xafter;iÞ and before (Xbefore;iÞ MPA
establishment (BA design):

ln RRi = ln
�

XMPA;i

Xcontrol;i

�
for CI designs.

ln RRi = ln
�
Xafter MPA;i

Xbefore MPA;i

�
for BA designs.

In the case of BACI design, we calculated the effect size as the log ratio of
the ratio of the mean indicator value after MPA establishment in (Xafter MPA;iÞ
and outside of (Xafter control;iÞ MPAs and before MPA establishment in
(Xbefore MPA;iÞ and outside of (Xbefore control;iÞ MPAs:

ln RRi = ln

0
BB@

Xafter MPA;i
�
Xbefore MPA;i

Xafter control;i
�
Xbefore control;i

1
CCA

Positive ln RRi indicated that the pathway investigated had a higher mean
value in the MPA than in the control site. Effect sizes were calculated so that
a higher mean value was equivalent to a positive MPA outcome. As a result,
the effect size used for the stability pathway was calculated by taking the nat-
ural logarithm of the opposite of the ratios detailed above. This is because the
indicator used to measure stability (coefficient of variation) is inversely propor-
tional to stability; i.e., the greater the coefficient of variation, the lower the sta-
bility.
The within-study variance vi associated with each effect sizes was calcu-

lated as follows:
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vi =
s2
MPA;i

nMPA;i� X
2

MPA;i

+
s2
control;i

ncontrol;i� X
2

control;i

for CI designs,

where s2control;i and s2MPA;i are the variances of Xcontrol;i and XMPA;i, respectively,

and ncontrol;i and nMPA;i are the associated sample sizes;

vi =
s2
before MPA;i

nbefore MPA;i� X
2

before MPA;i

+
s2
after MPA;i

nafter MPA;i� X
2

after MPA;i

for BA designs,

where s2before MPA;i and s2after;i are the variances of Xbefore MPA;i and Xafter MPA;i ,

respectively, and nbefore MPA;i and nafter MPA;i are the associated sample sizes;

vi =
s2
before control;i

nbefore control;i� X
2

before control;i

+
s2
before MPA;i

nbefore MPA;i� X
2

before MPA;i

+
s2
after control;i

nafter control;i� X
2

after control;i

+

s2
before MPA;i

nbefore MPA;i� X
2

before MPA;i

for BACI designs,

where s2before MPA;i, s
2
after;i, s

2
before control;i and s2after control;i are the variances of

Xbefore MPA;i , Xafter MPA;i , Xbefore control;i , and Xafter control;i , respectively, and

nbefore MPA;i , nafter MPA;i , nbefore control;i , and nafter control;i are the associated sample

sizes.

The effect size used for sediment accretion (coastal protection indicator)
and pH buffering were not calculated as a log ratio but as an Euclidean differ-
ence. This was done because values of accretion were sometimes positive for
the MPA and negative for the control (because of erosion), which did not allow
us to calculate log ratios, and because variations in pH are best measured
through differences. As a result, the MPA effect size di and variance vi for sedi-
ment accretion and pH buffering was calculated as follows:

di = XMPA;i � Xcontrol;i

vi = s2control;i + s2MPA;i

Parametric data analysis
We used a weighted random-effects model to quantify the effect of MPAs on
each indicator. Effect sizes were weighted accounting for the within- and
among-study variance components.89 Models were fitted using the {meta-
for}90 package under R Core Team (2021).86 Model heterogeneity, residual
heterogeneity, degrees of freedom, and p values associated with each model
tested are detailed in Table S4. MPAs were considered to have a significant
effect of an indicator when the 95% confidence interval calculated by the
model did not overlap zero.

Sensitivity analysis
To test the robustness of our meta-analysis results, we carried out a sensitivity
analysis to detect (1) the presence of publication bias and of outliers using vi-
sual observation of funnel plots91 (Figures S5.1–S5.6), (2) the sensitivity of our
results to publication bias using Rosenthal’s fail-safe number (Nfs),

92 (3)
whether a different outcome could be obtained when correcting for publication
bias using Duval and Tweedie’s trim and fill test,93,94 and (4) the impact of
outlier removal on our results. For meta-analyses that did not have a significant
result in the first place (Shannon index, recruitment and recovery), only the trim
and fill test was performed.
Rosenthal’s Nfs

Rosenthal’s Nfs is an estimation of the number of additional non-significant ef-
fect sizes required for a significant meta-analysis result to become non-signif-
icant. This allows us to check the sensitivity of results to uncaptured studies.
This risk is estimated to be highwhenNfs is below the 5n+10, with n the number
of data points in themeta-analysis.92 This was the case for only onemeta-anal-
ysis result (resistance), which was the only meta-analysis showing a negative
effect of MPAs on resilience attributes (Table S4).
Trim and fill test
Nine of 12 meta-analyses showed robust results of the trim and fill test
(Table S4). The trim and fill test detected two potentially unstable meta-anal-
ysis results: C sequestration by sediments and sediment accretion by blue C
ecosystems.
Impact of outliers on results
Outlying effect sizes were identified through visual observation of funnel
plots91 (Figures S5.1–S5.6). The weight attributed to each effect size by the
random-effects models was checked using forest plots (Figures S5.1–S5.6).
This was done to make sure no data point was overrepresented by a much
higher weight than those of the other data points. This was not the case for
any of our meta-analyses. The studies corresponding to outlying points were
scrutinized for factors that could explain the extreme values found. Because
no flaws or marked differences in experimental design of these studies were
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found, no points were excluded from our meta-analyses. One-by-one removal
of outliers did not affect any of our meta-analysis results except for the resis-
tance indicator, which became non-significant (Table S4).

Non-parametric data analysis
The indicators associated with genetic diversity and variability (allelic richness
and coefficient of variation, respectively) were not associated with errors in the
literature because of how these indicators are calculated. To provide quantita-
tive results from those indicators, we performed non-parametric analyses us-
ing bootstrapping. Our bootstrapping analysis was weighted using the sample
size associated with each value. MPAs were considered to have a significant
effect on an indicator when the 95% confidence interval calculated through
bootstrapping (n = 1,000 iterations) did not overlap zero.

Influence of moderators
Influence of moderators was investigated for pathways for which MPAs had
a significant positive effect. Heterogeneity tests were run to assess how features
(MPA level of protection, size [log transformed], age, presence of a fully pro-
tected area, and habitat) could mediate MPA outcomes on climate pathways
(Table S4). All analyses were carried out in R using the {metafor} package.90

MPAs of poor and moderate protection levels were grouped into a ‘‘low
level’’ of protection because sample sizes were too small to evaluate their ef-
fect separately. As a result, the effect of level of protection was assessed for
full, high, and low protection.

C sequestration from fish biomass
The C sequestration pathway was investigated using keywords related to
‘‘carbon storage’’ or ‘‘carbon sequestration,’’ which returned very few results
for fish. However, C storage in living fish biomass is directly proportional to
fish biomass, which has been extensively measured in MPA research.
Because those studies were not found through our dedicated literature search
for C sequestration and because many synthetic studies and meta-analyses
have already quantified the effect ofMPAs on fish biomass, we based the value
of this effect size on previous meta-analyses.
The effect of MPAs on fish biomass was calculated from three previous

meta-analyses.15,16,61 Those three meta-analyses were chosen because
they used completely distinct datasets, were among the most cited publica-
tions for effects of MPAs on fish biomass, and, together, encompassed all
types of protection levels and all oceanic regions of the world. For the effect
of level of protection on fish biomass, we used values given in Lester et al.16

for the effect of full protection, and values given in Zupan et al.15 for the effects
of low and high protection.

Capacity of habitats to provide climate benefits
Baseline capacity of habitats to provide C sequestration and coastal pro-
tection services, as well as global habitat extent, was based on values
from the most recent and global available published reviews. Values and
the reference of the study from which the values were extracted are
detailed in Table S4.
We also performed a systematic search and meta-analysis following the

methodology presented in the ‘‘qualitative data extraction’’ and ‘‘quantita-
tive data extraction’’ sections to estimate the amount of C stored in macro-
algae and the capacity of mangroves, seagrass, and macroalgae to provide
acidity buffering. This was done because we found no reviews that pro-
vided these values. The search string and date of the systematic search
as well as the indicators selected were the same as those specified for
the C sequestration and acidity buffering pathway (Data S1; see ‘‘data
and code availability’’ section). Studies included in the meta-analysis on
pH buffering capacity of marine habitats and on C storage capacity of mac-
roalgae can be found in Data S3 and Data S4, respectively (see ‘‘data and
code availability’’ section).

Resistance, recovery, and adaptation potential values
Observed resistance and recovery were calculated through meta-analysis ac-
cording to the methodology presented in the ‘‘qualitative data extraction’’ and
‘‘quantitative data extraction’’ sections. The search string and date of the sys-
tematic search as well as the indicators selected are detailed in Data S1 (see
‘‘data and code availability’’ section).
Expected ecological adaptation was calculated as the mean value of all

effect sizes contributing to ecological adaptation, i.e., allelic richness (genetic
diversity), species richness and Shannon index (biodiversity), temporal
stability (stability), and reproductive output and recruitment (reproduction).
The confidence interval was calculated by bootstrapping, using n = 1,000 iter-
ations.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2022.09.002.
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Gonçalves, E.J. (2018). Marine partially protected areas: drivers of ecolog-
ical effectiveness. Front. Ecol. Environ. 16, 381–387. https://doi.org/10.
1002/fee.1934.

16. Lester, S., Halpern, B., Grorud-Colvert, K., Lubchenco, J., Ruttenberg, B.,
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Duarte, C.M. (2018). Sequestration of macroalgal carbon: the elephant
in the Blue Carbon room. Biol. Lett. 14, 20180236. https://doi.org/10.
1098/rsbl.2018.0236.

38. Griscom, B.W., Adams, J., Ellis, P.W., Houghton, R.A., Lomax, G., Miteva,
D.A., Schlesinger, W.H., Shoch, D., Siikam€aki, J.V., Smith, P., et al. (2017).
Natural climate solutions. Proc. Natl. Acad. Sci. USA 114, 11645–11650.
https://doi.org/10.1073/pnas.1710465114.

39. Yang, W., Xia, L., Zhu, Z., Jiang, L., Cheng, X., and An, S. (2019). Shift in
soil organic carbon and nitrogen pools in different reclaimed lands
following intensive coastal reclamation on the coasts of eastern China.
Sci. Rep. 9, 5921. https://doi.org/10.1038/s41598-019-42048-6.

40. Saba, G.K., Burd, A.B., Dunne, J.P., Hernández-León, S., Martin, A.H.,
Rose, K.A., Salisbury, J., Steinberg, D.K., Trueman, C.N., Wilson, R.W.,
et al. (2021). Toward a better understanding of fish-based contribution
to ocean carbon flux. Limnol. Oceanogr. 66, 1639–1664. https://doi.org/
10.1002/lno.11709.

41. Martin, S.L., Ballance, L.T., and Groves, T. (2016). An ecosystem services
perspective for the oceanic eastern tropical pacific: commercial fisheries,
carbon storage, recreational fishing, and biodiversity. Front. Mar. Sci. 3.
https://doi.org/10.3389/fmars.2016.00050.

42. Stafford, R., Boakes, Z., Hall, A.E., and Jones, G.C.A. (2022). The role of
predator removal by fishing on ocean carbon dynamics. Anthr. Sci. 1,
204–210. https://doi.org/10.1007/s44177-021-00005-x.

43. Ortega, A., Geraldi, N.R., Alam, I., Kamau, A.A., Acinas, S.G., Logares, R.,
Gasol, J.M., Massana, R., Krause-Jensen, D., and Duarte, C.M. (2019).
Important contribution of macroalgae to oceanic carbon sequestration.
Nat. Geosci. 12, 748–754. https://doi.org/10.1038/s41561-019-0421-8.

44. Cyronak, T., Andersson, A.J., D’Angelo, S., Bresnahan, P., Davidson, C.,
Griffin, A., Kindeberg, T., Pennise, J., Takeshita, Y., and White, M.
(2018). Short-term spatial and temporal carbonate chemistry variability
in two contrasting seagrass meadows: implications for pH buffering ca-
pacities. Estuar. Coast 41, 1282–1296. https://doi.org/10.1007/s12237-
017-0356-5.

45. Claudet, J., Osenberg, C.W., Benedetti-Cecchi, L., Domenici, P., Garcı́a-
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