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networks, yet adaptation strategies are rarely incorporated into MPA design and
state of knowledge for adapting existing and future MPAs to climate change and
synthesize case studies (n = 27) of how marine conservation planning can respond to
shifting environmental conditions. First, we derive a generalized conservation planadaptation to inform MPA design. We then summarize examples from the scientific
literature to assess how conservation goals were defined, vulnerability assessments
performed and adaptation strategies incorporated into the design and management
of existing or new MPAs. Our analysis revealed that 82% of real-world examples of
climate change adaptation in MPA planning derive from tropical reefs, highlighting
the need for research in other ecosystems and habitat types. We found contrasting recommendations for adaptation strategies at the planning stage, either focusing
only on climate refugia, or aiming for representative protection of areas encompassing the full range of expected climate change impacts. Recommendations for MPA
management were more unified and focused on adaptative management approaches.
Lastly, we evaluate common barriers to adopting climate change adaptation strategies based on reviewing studies which conducted interviews with MPA managers and
other conservation practitioners. This highlights a lack of scientific studies evaluating
different adaptation strategies and shortcomings in current governance structures
as two major barriers, and we discuss how these could be overcome. Our review
provides a comprehensive synthesis of planning frameworks, case studies, adaptation strategies and management actions which can inform a more coordinated global
effort to adapt existing and future MPA networks to continued climate change.
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1 | I NTRO D U C TI O N

(UNEP-WCMC, IUCN, & NGS, 2018). MPAs can help to increase
local biodiversity, restore functional food webs, protect threatened

Marine protected areas (MPAs) and MPA networks are rapidly

species and sensitive habitats and support adjacent fisheries among

growing cornerstones of marine conservation efforts worldwide

other benefits (McCook et al., 2010). Originally, MPAs were designed
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to protect marine biodiversity from the impacts of overfishing and

into MPA design and management, and end on a discussion of re-

other human impacts under the implicit assumption of stationary

search gaps. By summarizing the planning frameworks, case studies,

environmental conditions characterized by a mean state with vari-

adaptation strategies and management actions, our work can help to

ance, but no long-term trend. Yet, anthropogenic climate change has

inform the development of climate-adaptive MPAs globally.

invalidated that assumption causing rapid and unprecedented shifts
in environmental conditions across all ocean basins (IPCC, 2019;
Lotze et al., 2019). Marine communities have responded in a multitude of ways including range shifts to higher latitudes or greater
depths, altered phenology, and species turnover, among many oth-

2 | CO N S E RVATI O N PL A N N I N G
FR A M E WO R K S TH AT I N C LU D E C LI M ATE
C H A N G E A DA P TATI O N

ers (Poloczanska et al., 2016; Worm & Lotze, 2016).
The global MPA network has rapidly expanded over the past

Planning frameworks for biodiversity conservation can be used to

two decades as nations work towards meeting the Convention on

help design and manage MPAs. A number of frameworks have been

Biological Diversity's Aichi Target 11 to protect at least 10% of their

proposed which incorporate climate change adaptation (Abrahms,

coastal and marine areas by 2020 (Lubchenco & Grorud-Colvert,

DiPietro, Graffis, & Hollander, 2017; Gross, Woodley, Welling, &

2015). This is particularly relevant in the face of changing ocean con-

Watson, 2016; Poiani, Goldman, Hobson, Hoekstra, & Nelson,

ditions as there is evidence that MPAs can help buffer marine com-

2011; Reside, Butt, & Adams, 2018; Wyborn, van Kerkhoff, Dunlop,

munities against the impacts of climate change (Roberts et al., 2017).

Dudley, & Guevara, 2016). These include systematic conserva-

For instance, benthic invertebrates in an MPA in Mexico had greater

tion planning (SCP; Mačić et al., 2018; Margules & Pressey, 2000;

resilience to a climate-driven hypoxia event than populations outside

Reside et al., 2018), climate-smart conservation (CSC; Stein, Glick,

of the MPA (Micheli et al., 2012). However, MPAs do not always in-

Edelson, & Staudg, 2014), adaptation for conservation targets (ACT;

crease ecosystem resistance to climate-driven events. For example,

Cross et al., 2012), portfolio decision analysis (PDA; Convertino &

a global analysis of temperature-driven loss in coral cover found that

Valverde, 2013), and the IUCN adaptation cycle (Gross et al., 2016;

observed impacts were comparable between protected and unpro-

see Appendix S1 for details).

tected areas (Selig, Casey, & Bruno, 2012). Hence, dramatic reduc-

The most popular of these planning frameworks are SCP and

tions in greenhouse gas emissions may be the only comprehensive

CSC. SCP is widely implemented in the marine literature, although

solution to mitigate the effects of climate change on marine ecosys-

as of 2015 only ~8% of this literature had considered climate

tems (Bates et al., 2019). Regardless, climate change will continue

change (Álvarez-Romero et al., 2018). SCP is an 11-step process

to impact the global network of MPAs (Bruno et al., 2018), posing a

centred around clear objectives to allocate limited conservation

significant challenge to managers as to how best to protect marine

resources (Appendix S1). This process readily allows the incorpo-

biodiversity in a changing seascape. To maximize the conservation

ration of clear climate change adaptations objectives and three re-

benefits of MPAs now and into the future climate-change adaptation

cent reviews have examined SCP in the context of climate change

strategies are critical (Roberts et al., 2017). Yet so far, climate change

(Álvarez-Romero et al., 2018; Mačić et al., 2018; Reside et al., 2018).

adaptation is largely limited to conceptual frameworks, and rarely

CSC, ACT and IUCN adaptation cycle are very similar frameworks

considered in protected areas objectives and management plans

based on linking specific climate vulnerabilities and adaptation

(IPBES, 2019; Tittensor et al., 2019).

options to the MPA conservation goals with the IUCN adaptation

Here we review the current state of scientific knowledge for

cycle being the most simplified of the three. PDA is the most dis-

adapting MPAs to ongoing climate change. For this review, ‘MPA’

similar from the other four planning frameworks and it is based on

can refer to a single MPA, an MPA network and partially protected

creating a management action portfolio, similar to a financial port-

MPAs (including ‘other effective area-based conservation measures’;

folio, to maximize conservation benefit while minimizing impacts

OECMs) or fully protected marine reserves. We started with existing

on human uses in the MPA (Convertino & Valverde, 2013). A recent

reviews and then performed an extensive search of the primary lit-

review and comparison between CSC, ACT and PDA is provided in

erature accessible via Google Scholar to answer the question of how

Abrahms et al. (2017).

marine conservation can best adapt to shifting environmental con-

We used the five individual planning frameworks to collec-

ditions in a changing climate. Specifically, we introduce conservation

tively guide our understanding of how climate change adaptation

planning frameworks that incorporate climate change adaptation

has been incorporated into MPA planning (see Appendix S1 for in-

into the design and management of MPAs. We derive a simplified

formation on how each framework was included in our summary).

generalized planning framework as a guide and then examine how

To incorporate climate change adaptation into conservation plan-

climate change adaptation has been included in MPA planning, de-

ning, there are four principal steps (Figure 1), based on the general

sign and management with empirical case studies. This includes a

features of the five frameworks listed above. All frameworks set

discussion of conservation goals, vulnerability assessments, climate

clear conservation goals, which includes defining conservation fea-

change adaptation strategies and management actions in the con-

tures (what to protect: such as threatened species) and objectives

text of the broader climate change adaptation literature. We further

for the MPA (how to protect: such as defining representation and

discuss the perceived barriers to including climate change adaptation

persistence targets across an MPA). These conservation goals then

|

WILSON et al.

3253

Conservation goals (5)
• Define conservation features
and objectives for the MPA
• Adapt conservation goals
(features and objectives) to
climate change

Management (4)
• Monitor MPA effectiveness in
response to climate change
• Use monitoring results to
guide adaptive management
of an MPA

Considerations
• Stakeholder participation
• Incorporate uncertainty
• Socioeconomic considerations

Vulnerability assessment (5)
• Assess climate change
vulnerability of conservation
features within the MPA
• Link adaptation strategies to
the vulnerability

MPA design (5)
• Identify and select climate
change adaptation strategies
in response to vulnerability
• Implement into MPA design

F I G U R E 1 Integrating climate change adaptation in all stages of marine protected area (MPA) planning, design and management. Shown
is a simplified planning framework based on the general features of five common existing frameworks for biodiversity conservation (see
Appendix S1 for details on individual frameworks including how they implemented each measure). Number in brackets indicates number of
frameworks (out of five examined) that included these (or equivalent) measures [Colour figure can be viewed at wileyonlinelibrary.com]
need to be adapted to be effective with climate change and may

Finally, as a fourth general step, the MPA would be continually

need to be evaluated over time as conservation features may range

monitored for effectiveness to ensure the conservation goals are

shift or network connectivity may be disrupted (Carr et al., 2017;

being met. The monitoring results can then be used to guide the

Fredston-Hermann, Gaines, & Halpern, 2018). A second step iden-

adaptive management of the MPA against ongoing climate change

tified by all frameworks is to perform a vulnerability assessment to

impacts. Throughout the planning process (Figure 1), it is generally

examine how climate change will impact conservation goals. For

important to (a) include stakeholder participation (Álvarez-Romero

example, one conservation feature may be to protect all examples

et al., 2018); (b) assess the socio-economic impacts of protection

of coral reef bioregions (defined area with unique species assem-

(Mangubhai, Wilson, Rumetna, Maturbongs, & Purwanto, 2015);

blages and physical features), with a conservation objective to

and (c) account for uncertainty in climate change projections,

maintain a certain representation target (e.g. protect 20% of each

ecological responses and management effectiveness (Hannah,

bioregion). Then a vulnerability assessment may examine how cli-

Midgley, & Millar, 2002; Kujala, Moilanen, Araújo, & Cabeza, 2013).

mate change may alter the representation of each bioregion within

This entire planning process may need to be repeated and adapted

an MPA (e.g. reductions in spatial coverage results in 10% repre-

over time, depending on the results of vulnerability assessments

sentation of one bioregion within the MPA) to determine if conser-

and monitoring data. Although the outlined planning frameworks

vation goals will be met in the future (Game, Watts, Wooldridge,

are generally seen as top–down approaches, bottom-up commu-

& Possingham, 2008). The third step consists of identifying and

nity efforts can also incorporate climate change adaptation. For

selecting climate change adaptation strategies to mitigate against

example, a locally managed MPA network in Fiji has used adaptive

the climate change impacts identified in the vulnerability assess-

management, in partnership with an NGO, to iteratively refine in-

ment. These are then incorporated into MPA design, for example

dividual MPA boundaries with coral reef boundaries to enact MPA

by focusing protection on reef features in climate refugia that

design principles which may increase resilience to climate change

are projected to experience little or no change in the near future.

(Weeks & Jupiter, 2013).
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3 | H OW C LI M ATE C H A N G E A DA P TATI O N
C A N B E I N C LU D E D I N M PA PL A N N I N G ,
D E S I G N A N D M A N AG E M E NT

were originally designed to protect specific biological communities
(Tingley et al., 2014). For instance, Malcolm and Ferrari (2019) used
fish assemblage patterns to define a habitat classification system
to use in MPA planning within an ocean warming hotspot. They

3.1 | Conservation goals: Define and adapt to
climate change

found that despite some tropicalization (increase in proportion of
warm water species), the general assemblage patterns persisted over
16 years within the MPA, suggesting that the habitat classification

As species and ecosystems continue to respond to a changing cli-

scheme remained a valuable tool. Yet studies like these are likely to

mate, MPA conservation goals will need to be re-evaluated and

remain the exception; species react to a changing climate differently,

adapted over time (Figure 1; Hopkins, Bailey, & Potts, 2016a). To pre-

and re-organizations of biological community structure are likely

serve marine biodiversity in a warming ocean, it is important to in-

(Rilov et al., 2019). As such, focus has shifted somewhat from com-

clude conservation features which focus both on conserving species

munity-centred approaches, such as bioregions, to focus on environ-

(fine-filter approaches), while also protecting higher level ecological

mental characteristics or more permanent seascape features, such

or environmental aggregations, such as a habitats, eco/bioregions or

as habitat type (Tingley et al., 2014).

community/species assemblages (coarse-filter approaches; Tingley,

Habitat type can focus on habitat-forming species, such as cor-

Darling, & Wilcove, 2014). As some species, including threatened, or

als, oysters or macrophytes, which can provide ecological services

commercially important species, may be missed when only looking

to increase community resilience (Simard, Laffoley, & Baxter, 2016),

at higher level aggregations, it is important to include both (Tingley

and were included in several design studies (Appendix S2). Some

et al., 2014). For studies which incorporated climate change adapta-

habitat-forming species, such as mangroves and seagrasses, have

tion into MPA design, 15% used only species-based (fine-filter) ap-

the added benefit of acting as carbon sinks (Brock, Kenchington,

proaches (Figure 2a; Appendix S2), with the rest relatively evenly

& Martínez-Arroyo, 2012). Yet these habitat-forming species may

split between only focusing on higher level aggregations (coarse-

undergo range shifts requiring a reanalysis of conservation goals.

filter; 37%) or a mix of the two (both; 48%).

Habitat type can also refer to unusual geological features with

When higher level aggregations were prioritized for conserva-

complex structure (Stratoudakis et al., 2019), which are permanent

tion, the most common focused on habitat type (e.g. Klein et al.,

even under climate change. Examples include efforts to protect sea-

2013; Maina et al., 2015), followed by eco/bioregions (e.g. Levy &

mounts and underwater canyons (Green et al., 2009; Perdanahardja

Ban, 2013; Makino et al., 2014), and communities/species assem-

& Lionata, 2017). Lastly, environmental or climatic conditions can be

blages (e.g. Malcolm & Ferrari, 2019; Appendix S2). These approaches

used to define areas to protect. Typically areas of climate refugia,

37%
(a)

(b)

22%
15%

59%

19%

Species (fine)
48%
Higher-level (coarse)
Both

VA does not match all features
VA matches all features
No VA

F I G U R E 2 Overview of empirical case studies that considered climate change adaptation in the design of existing or future marine
protected areas (MPAs; n = 27). (a) Conservation features prioritized for protection within the MPA, including species-based (fine), higherlevel environmental or biological aggregations (coarse), or a combination of the two (both). (b) If a climate change vulnerability assessment
(VA) was performed as part of the MPA planning process and if it matches all or not all conservation features. For further details see
Appendix S2 [Colour figure can be viewed at wileyonlinelibrary.com]
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where conditions are not changing or changing only slowly, have

socio-economic consideration such as minimizing loss to fishers, and

been prioritized for protection (Fredston-Hermann et al., 2018;

some included objectives to maintain connectivity within an MPA

Tingley et al., 2014). Others argue, however, that areas including the

network (26%).

full range of projected climate change impacts should be considered
to ensure the protection of the full spectrum of ‘climate heterogeneity’, in other words include areas projected to have different exposure to climate change (Gerber, Mancha-Cisneros, O’Connor, & Selig,

3.2 | Vulnerability assessment: Testing for climate
change vulnerability

2014). Simulations of coral reef ecosystems have shown that as corals adapt to changing conditions, habitat diversity is the preferred

Before climate change adaptation strategies can be incorporated

adaptation strategy over climate refugia (Walsworth et al., 2019).

into MPA design and management, the specific vulnerability of the

By protecting habitats experiencing the full range of climate pro-

conservation features to climate change must be assessed (Figure 1;

jections, MPAs are best facilitating the ability of different species

Foden et al., 2019). Climate change vulnerability has three compo-

to adapt and evolve, or shift their distribution, particularly if con-

nents: exposure, sensitivity and adaptive capacity (Dawson, Jackson,

nectivity is maintained between MPAs (Brock et al., 2012; Webster

House, Prentice, & Mace, 2011). Exposure quantifies the amount of

et al., 2017). For instance, Magris, Pressey, Mills, Vila-Nova, and

climate change expected to impact the conservation feature, for

Floeter (2017) prioritized a combination of refugia coral reefs and

example, the rate and magnitude of sea surface temperature (SST)

reefs exposed to warming temperatures for protection, while facil-

increases. Sensitivity is the dependence of a conservation feature

itating connectivity via source reefs (that export larvae to nearby

on a given set of abiotic or biotic conditions, for example, some spe-

habitats) and stepping stones (small habitat patches that species

cies can tolerate greater SST increases. Adaptive capacity is the abil-

colonize to facilitate longer distance dispersal). Furthermore, if func-

ity of the conservation feature to deal with climate change through

tional groups are protected across the full range of environmental

mechanisms such as phenotypic plasticity, evolutionary processes

conditions, ecosystem functions can be maintained as each trophic

or range shifts. Climate change vulnerability has been examined in

level has a role in regulating an ecosystem (McLeod, Salm, Green, &

existing MPAs where it can inform management actions such as re-

Almany, 2009; Simard et al., 2016). This has been incorporated into

zoning (Keller et al., 2009). It can also be included within the design

MPA conservation features by conserving herbivorous fish to in-

phase of MPA planning during spatial prioritization to allow for the

crease coral reef resilience to climate change (Mumby, Wolff, Bozec,

implementation of climate change adaptation techniques (Jones,

Chollett, & Halloran, 2014; Weeks & Jupiter, 2013). Protecting areas

Watson, Possingham, & Klein, 2016).

of high species diversity, genetic diversity and critical habitat areas

We examined how the vulnerability of MPAs to climate change

have also been suggested as an important climate change conserva-

has been assessed in the design phase of MPA planning (Figure 3;

tion strategies (Brock et al., 2012; Fredston-Hermann et al., 2018),

Appendix S2). Here we only focus on biological and not on the socio-

and were included in several design studies (Appendix S2).

economic response to climate change, but note that both be incor-

Protecting species with crucial ecosystem roles, or of ecological

porated into the vulnerability assessment (Figure 1; Maxwell, Venter,

concern, is an important biodiversity conservation goal in the face

Jones, & Watson, 2015). We found that 81% of case studies included

of climate change (Brock et al., 2012). When climate change was

a vulnerability assessment (Figure 2b). These were performed almost

incorporated into MPA design with only species-based approaches

exclusively on corals (82%; Figure 3c). This meant that for almost a

(Appendix S2) these studies generally focused on protecting key-

quarter of the case studies, not all conservation features within an

stone species (Patrizzi & Dobrovolski, 2018) or used species-specific

MPA underwent a vulnerability assessment (Figure 2b). For instance,

trait-based vulnerability to warming, such as coral reef thermal

Magris et al. (2017) used thermal stress regimes for corals as a vul-

stress regimes (Magris, Heron, & Pressey, 2015; Mumby et al.,

nerability assessment to prioritize refugia and disturbed reefs for pro-

2011). The thermal stress regimes each denote different levels of

tection. Coral reefs provide important biogenic habitat and can be

projected coral stress, across various magnitudes of climate change

considered a sentinel species, indicating broader changes in an MPA.

exposure, to define a range of areas to protect across different cli-

Yet, no vulnerability assessment was performed for other conserva-

mate futures. In mixed approaches (Appendix S2), individual spe-

tion features such as threatened or endemic species. Different tem-

cies were included if they were threatened, endemic commercially

perature tolerances between species and within a taxon (e.g., between

or ecologically important, or were associated with a specific habi-

coral species; Gibbin, Putnam, Gates, Nitschke, & Davy, 2015) result

tat area (e.g. Green et al., 2009; Lombard et al., 2007; Magris et al.,

in species-specific climate vulnerability, and the inclusion of impacts

2017). Regardless of the type of conservation feature that was pro-

across an entire ecosystem may suggest different areas to prioritize

tected, similar conservation objectives were used in all case studies.

for protection (Rilov et al., 2019). Yet only a few studies exist on how

All considered some type of climate change objective, also known

to examine ecosystem wide climate change vulnerability within exist-

as persistence targets, to ensure a conservation feature persists in

ing MPAs (e.g. Kay & Butenschön, 2018; Munguia-Vega et al., 2018;

the face of climate change (Appendix S2). Most (86%) of studies de-

Queirós et al., 2016). For instance, Munguia-Vega et al. (2018) used

fined representation targets to be met within the MPA (e.g. 30% of

a literature review to qualitatively synthesize ecosystem level climate

the total habitat extent of a specific habitat). Many (63%) included

change vulnerability across multiple studies for an MPA network in
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5%

(a)

23%

(b)

5%

27%

59%

18%

Distributional change
Vulnerability indices

(c)

Population change

64%
Mechanistic model
Coastal impact model

(d)

9%

Correlative model
Trait based

73%

9%

5%

82%
23%
Species (other)
Habitat

Species (taxon: coral)

Increasing temperature (single)
Increasing temperature (multiple)

Sea level rise (single)

F I G U R E 3 Empirical case studies that included a vulnerability assessment during the design of existing or future marine protected
areas (n = 22). (a) The metric of how climate change will impact the conservation feature. (b) What type of model was used to assess the
vulnerability. (c) What ecological resolution was used to examine the vulnerability. (d) What climate change threats were included in the
assessment, and if the threat was examined in isolation (single) or in conjunction with other climate change stressors (multiple). For further
details see Appendix S2 [Colour figure can be viewed at wileyonlinelibrary.com]
the Gulf of California. No case studies incorporated ecosystem wide

trait-based methods included using susceptibility models to develop

climate change vulnerability into MPA design (Appendix S2).

an exposure metric (Maina et al., 2015), or using thermal thresholds

Four main approaches have been used to assess a species’ vul-

to examine distributional changes (Makino et al., 2014). Literature

nerability to climate change: correlative, mechanistic, trait-based and

reviews and expert knowledge have also been used to qualitatively

combined approaches (Figure 3b) to model range shifts, extinction

discuss vulnerability within the MPA or the results from the literature

probability, population changes, and to create vulnerability indices

search have been used to make a quantifiable metric of a resilience

(Figure 3a; Foden et al., 2019; Pacifici et al., 2015). Correlative and

indicator. For instance, Davies et al. (2016) used a literature review

mechanistic models generally test for climate change exposure, while

to identify the traits that may increase coral resilience to develop six,

trait-based approaches test for sensitivity and adaptive capacity

ranked resilience indicators that were included in MPA design.

(Willis et al., 2015). Trait-based assessments have been widely used as

With more knowledge, a species distribution model (SDM) can

many species can be assessed at once (Foden et al., 2019). We found

be used to explicitly test for future changes in habitat suitability

that trait-based approaches were the most common method used to

(Foden et al., 2019). While SDMs were the most commonly used

assess vulnerability in MPAs (Figure 3b), particularly those based on

tool to incorporate climate change in a global review of spatial pri-

thermal stress regimes to identify coral bleaching risk. Thermal stress

oritization techniques (Jones et al., 2016) we found that only one

regimes use observed and sometimes future projected SST data to

study (Patrizzi & Dobrovolski, 2018) used SDMs to test for species

calculate metrics of acute (e.g. degree heating weeks) and chronic (e.g.

distribution shifts with climate change within the context of MPA

rate of SST warming) stress to determine potential climate refugia

design (Figure 3a,b; Appendix S2). This study built SDMs for 17

(low exposure to thermal stress) and areas where corals may have high

threatened starfish species and their predicted current and future

adaptive capacity due to previous or projected exposure to thermal

distributions were used to spatially prioritize areas for protection

stress (Chollett, Enríquez, & Mumby, 2014; Magris et al., 2015). Other

(Patrizzi & Dobrovolski, 2018). Other studies have used SDMs to

|
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examine climate change vulnerability within existing MPAs and
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Multiple
Single

their management (e.g., Jones et al., 2013). Yet the scarcity of
40

SDMs used in designing MPAs is likely due to terrestrial bias in the
global study (76%; Jones et al., 2016) and the greater use of SDMs

found that 27% of studies used mechanistic models to test for

Percent

uses process-based mechanistic models (Foden et al., 2019). We

20

2011). The most data-intensive and robust vulnerability approach

30

in terrestrial compared to marine environments (Robinson et al.,

fish and invertebrate larval distribution (Álvarez-Romero et al.,

10

changes in coral per cent cover (Beger et al., 2015) and shifts in
2018).

most common one (Figure 3d). Increasing temperatures were either
examined in isolation (73% of studies) or in interaction with other

0

In terms of climate change threats considered in the vulnerability
assessments, we found that increasing temperature was by far the
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climate-induced threats (23%). These interactions were most often
examined with ocean acidification, changes in primary productivity
or changes in UV radiation (Appendix S2). The interaction of multiple climate change stressors is important to include in vulnerability
assessments, as predictions based on one stressor can be misleading
(Worm & Lotze, 2016). Which threats to examine will be specific to
the conservation goals of an MPA (Figure 1). For example, in tropi-
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F I G U R E 4 Climate change adaptation strategies for marine
protected areas (MPAs). Shown are the common strategies employed
relative to the total number of studies that considered climate change
adaptation in the design of existing or future MPAs (new or redesign
of existing; n = 27). Strategies were used in isolation (dark shade) or in
conjunction with other strategies (light shade). For further details see
Appendix S2 [Colour figure can be viewed at wileyonlinelibrary.com]

cal environments, increasing temperatures, rising sea level and decreasing pH will have negative impacts on coral reefs (McLeod et al.,

Resilience in this context is defined as the ability of an ecosystem

2012). About 19% of the studies did not specify a specific climate

to resist, recover or adapt to climate change while maintaining key

change threat, and instead considered climate change adaptation in

ecosystem functions and services (Holling, 1973; Nyström & Folke,

MPA design according to general resilience principles (Figure 2a).

2001). We found that 45% of studies used general resilience factors
as the climate change adaptation strategy in MPA design (Figure 4).

3.3 | MPA design: Identify, select and implement
climate change adaptation strategies

These resilience principles included recommendations on minimum MPA size, MPA shape, how to spread risk with representation and replication targets, how to protect critical habitat areas
(ecologically important and climate refugia), maintain connectivity

After a vulnerability assessment has been performed, specific ad-

(for larval dispersal, connection of mobile species and intercon-

aptation strategies can be used in MPA design to minimize vulner-

nectivity of different habitat types), maintain ecosystem function,

abilities (Figure 1). We reviewed the literature to extract climate

allow time for recovery, reduce other stressors and use ecosystem-

change adaptation strategies that have been incorporated into MPA

based management (Green et al., 2014; Keller et al., 2009; McCook

design (Figure 4; Appendix S2). Ideally, climate change considera-

et al., 2009; McLeod et al., 2009). A recent review found 45 bio-

tions should be included early in the design process (Hopkins et al.,

logical and physical attributes that contribute resilience to climate

2016a). Furthermore, as there is often considerable uncertainty

change across different ecological levels of organization (Timpane-

associated with climate change, conservation goals, adaptation

Padgham, Beechie, & Klinger, 2017). As such, some studies have

strategies and management options must be robust or adaptable to

identified their own MPA-specific resilience features that are pri-

different scenarios (Hopkins et al., 2016a) and include margins of

oritized for protection. For example, representation targets were

error (Baron et al., 2009; McCook et al., 2009). The following sec-

set in a proposed redesign of the Ningaloo Marine Park in Australia

tions define different adaptation strategies, explain how they were

for structural complexity, water mixing, seaweed coverage, coral

incorporated into MPA design and explore how they fit into the

cover, proximity to human activities and minimum water depth as

broader conservation literature.

features that increase resilience to ensure adequate representation
of areas that are most resistant or likely to recover from thermal

3.3.1 | Increase MPA resilience

disturbances (Davies et al., 2016).
These resilience principles are grounded in accepted design principles which are often applied outside the context of climate change

The earliest attempts to include climate change adaptation into

(Roberts, Halpern, Palumbi, & Warner, 2001). But they have also

MPA design were based on general guidelines to increase the

been used in the design of a few MPA networks to specifically in-

resilience of coral reefs to climate change (McLeod et al., 2009).

crease climate change resilience; for example in Kimbe Bay, Papua
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New Guinea (Green et al., 2009). The design protected each con-

projected conditions are based on regionally downscaled output

servation goal with a conservation objective based on three distinct

from earth system models (e.g. van Hooidonk, Maynard, Liu, & Lee,

replicates covering 20% of its total distribution (20% representation

2015), which alone often offer too coarse a spatial resolution for

target). Fish spawning areas and turtle nesting sites were protected

local management (Kwiatkowski, Halloran, Mumby, & Stephenson,

as critical habitat, and connectivity of shallow water habitats was

2014). Alternatively, historical satellite SST data can be used to

incorporated by the automatic clustering of adjacent habitats. Due

understand patterns of local temperature variability over time and

to data limitations they were unable to include more quantifiable

predict future refugial areas. However, this assumes that spatial pat-

methods of connectivity and used expert knowledge of coral bleach-

terns of temperature variability will persist into the future (Chollett

ing vulnerability as a proxy for impacts of rising temperatures and

et al., 2014).

coastal slope as a proxy for sea level rise. Similar approaches have
been taken for MPA networks in Fiji (Weeks & Jupiter, 2013) and
Indonesia (Mangubhai et al., 2015).

3.3.2 | Protect climate refugia

3.3.3 | Protect future habitat
When projections exist for a species or habitat's future distribution,
MPAs can be designed to prioritize those areas for protection that will
either harbour key species or habitats in the future, or remain suitable

Another common adaptation measure is the protection of climate

for a certain time period (Jones et al., 2016; Soto, 2002). The key dif-

refugia, here defined as slower changing areas where species,

ference between protecting climate refugia and future habitat is that

habitats or ecosystems may be more likely to persist (Keppel et al.,

the latter can occur in an area with high climate change exposure. We

2015; Schneider, 2018). Refugia occur from regional to small scales,

found that 22% of studies prioritized future habitat for protection

while microclimates may provide refuges at scales of 10’s of metres

as the climate change adaptation strategy (Figure 4). For example,

(Woodson et al., 2019). As there remains uncertainty around the ef-

Runting, Wilson, and Rhodes (2013) prioritized areas where different

fectiveness of MPAs in increasing ecosystem resilience to climate

wetland habitat types were expected to be found in the future, given

change, one argument for protecting refugia is that they might pro-

projected sea level rise. Yet, many conservation processes require

vide their full array of ecological benefits to the widest diversity of

species presence in an MPA now, and not at a theoretical time in the

species as conditions are not changing, instead of only disturbance-

future (Hopkins et al., 2016a). Therefore, most studies that focus on

tolerant species in a warming MPA (Côté & Darling, 2010). Protecting

future habitat prioritize habitats that currently exist and are expected

refugia may also be a way of ‘buying time’ to allow for species and

to continue to exist into the future. For example, a proposed redesign

ecosystems to adapt to changing conditions, despite their limited

of an MPA network in Brazil found that if climate continues to warm,

temporal (Keppel et al., 2015) and spatial (Ban, Alidina, Okey, Gregg,

the most efficient MPA design would include both current and future

& Ban, 2016) scale of protection. Yet, they should not be the only

distribution of threatened starfish species, based on SDMs (Patrizzi

climate future incorporated into MPA design (Tittensor et al., 2019).

& Dobrovolski, 2018). Other approaches have modelled projected

We found that 33% of studies focused on protecting refugia as

changes in coral cover to ensure it would remain at a suitable level

the key climate change adaptation strategy (Figure 4), for example,

within the MPA network over a specified time (Beger et al., 2015),

by including areas with cold-water upwelling to protect coral reefs

or have incorporated connectivity metrics to prioritize current and

from increasing temperatures (Perdanahardja & Lionata, 2017).

future habitat (Makino et al., 2014, 2015).

However, the timing of cold-water upwelling events must also coincide with the timing of thermal stress, which may not always be the
case (Chollett, Mumby, & Cortés, 2010). Using information about a

3.3.4 | Increase connectivity

range of current climate conditions, more quantifiable susceptibility
models, or exposure metrics, can be generated to quantify current

Increasing connectivity was the most commonly recommended

exposure to climate stress and prioritize areas with low exposure

climate change adaptation strategy for biodiversity management

for protection. These can be based on several environmental data

(Heller & Zavaleta, 2009). We found that 23% of studies increased

layers (Allnutt et al., 2012; Klein et al., 2013; Maina et al., 2015) or

connectivity as their adaptation strategy, tied with protecting future

use information from SST only (Ban, Pressey, & Weeks, 2012). A

habitat and ~10% less than the protecting refugia (Figure 4). This in

key assumption with this approach is that areas with currently low

part may be due to the higher data requirements needed to accu-

exposure to thermal stress will continue to have low exposure into

rately model connectivity (Friesen, Martone, Rubidge, Baggio, & Ban,

the future. To test if this assumption holds true, information about

2019), whereas climate refugia can be categorized with only climate

future projected climate conditions can be integrated. For exam-

projections. Ensuring connectivity within an MPA network helps fa-

ple, coral bleaching risk up to 2100 has been examined based on

cilitate species persistence (McCook et al., 2009), and increases MPA

where SST is projected to increase above a bleaching threshold to

benefits for the marine ecosystem (Carr et al., 2017; Olds et al., 2016).

prioritize refuge areas for protection where the risk of bleaching was

Climate change is expected to change connectivity in many differ-

lowest (Game, Watts, et al., 2008; Levy & Ban, 2013). Ideally, future

ent ways, such as by altering circulation patterns and stratification
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(Gerber et al., 2014; Munday et al., 2009). Such changes in connectiv-

protection facilitates adaptation with the potential for recovery

ity should be directly included in reserve design with ecologically jus-

after climate-driven events, the likelihood that healthy ecosys-

tified statements rather than indirectly addressed through changes

tems can persist is increased (Game, McDonald-Madden, Puotinen,

in MPA size (generally larger is better) or distance (closer; Magris,

& Possingham, 2008). If connectivity is maintained across the full

Pressey, Weeks, & Ban, 2014). Specific guidelines on how large an

spectrum of climate heterogeneity, then the MPA network is facili-

MPA should be will vary depending on the conservation goals (Carr

tating adaptation at different spatial, temporal and taxonomic scales,

et al., 2017). Ideally, both ecological (e.g. dispersal distances) and

a strategy known as ‘adaptation networks’ or increasing adaptive

physical (e.g. currents) linkages would inform dynamic models of spe-

capacity (Webster et al., 2017). For example, Mumby et al. (2011)

cies transport and movement across all life stages under different cli-

used thermal stress regimes to define hypothesized future coral reef

matic conditions, including source, sink, migration and stepping-stone

health and linked these with larval dispersal predictions to prioritize

areas as priorities for protection (Brock et al., 2012; McCook et al.,

reefs for protection that promote high genetic adaptation and phe-

2009; Salm, Done, & McLeod, 2006). In practice, this is likely only

notypic acclimation potential.

possible for a few well-understood species.
Projected shifts in oceanographic currents for larval transport

We found that 22% of studies focused on protecting areas across
a gradient of climate heterogeneity as the climate change adapta-

should be considered in MPA design (Foley et al., 2010) as they can

tion strategy in MPA design (Figure 4). Generally, different manage-

impact dispersal distances, which necessitates MPAs being placed

ment strategies and representation targets are set across different

closer together to maintain connectivity (Gerber et al., 2014). To test

levels of climate change exposure. Using a conceptual model of low

this, Andrello, Mouillot, Somot, Thuiller, and Manel (2015) used a

and high climate change exposure, fishing pressure and biodiversity

mechanistic model of larval transport driven by changes in current

value, Allnutt et al. (2012) assigned different management actions

velocities to show that average larval dispersal distance would de-

across areas of high and low values of each metric. Magris et al.

crease in the Mediterranean Sea but connectivity within some MPAs

(2015) defined different representation targets for MPA network

would increase as new areas became suitable habitat. Other climate

design for nine different combinations of exposure to thermal stress.

change impacts will also affect larval connectivity. Using a simulated

For instance, 100% representation targets were set both for areas

3°C increase in ocean temperature, planktonic larval duration was

with low observed and future rates of exposure, providing thermal

shown to decrease in the Gulf of California. This provided an eco-

refugia now and into the future, and areas with high observed and

logical justification for the idea that larger, closer MPAs are required,

future exposure, protecting potentially disturbance-tolerant species

instead of following general rules of thumb (Álvarez-Romero et al.,

with high resistance to warming.

2018). Lastly, connectivity can be maintained by protecting climate
(migration) corridors that allow species to track shifts in climate between MPAs (Beier, 2012), particularly if climate corridors follow

3.3.6 | Reduce other stressors

local climate velocities (Fredston-Hermann et al., 2018). Yet, increasing connectivity can also interfere with adaptation if incoming

MPA managers can do little to reduce the direct climate change im-

genetic diversity reduces the prevalence of heat-resistant genotypes

pacts in MPAs (but see Macgregor & van Dijk, 2014; Mawdsley,

within a population (Mumby et al., 2011). In such cases, connectivity

O’Malley, & Ojima, 2009; West et al., 2009). Yet management ac-

should be maintained across populations exposed to similar environ-

tions can be taken to reduce other stressors and minimize cumulative

mental conditions so as not to reduce genetic drift promoting adap-

impacts (Gurney, Melbourne-Thomas, Geronimo, Aliño, & Johnson,

tion to warming temperatures.

2013), thereby increasing the resilience of marine ecosystems to
climate change impacts (Mcleod et al., 2019). We found that 11% of

3.3.5 | Increase heterogeneity

studies focused on reducing other stressors as the climate change adaptation strategy in MPA design (Figure 4). To do so, information on
different land-based, fishing and climate change stressors can be used

Building on the protection of climate refugia, increasing heteroge-

to inform habitat condition to prioritize habitats where stress is low

neity aims to protect areas across the full range of climate change

and habitat condition is assumed to be high (Klein et al., 2013). Other

impacts including climate refugia, areas with high climate variability

examples include explicitly linking land-use and climate change sce-

and high-exposure areas (Jones et al., 2016). This strategy adds the

narios to prioritize protecting land areas upstream from MPAs to re-

benefits of protecting climate refugia (discussed above) to those of

duce the impact of land-based stressors (Delevaux et al., 2018, 2019).

protecting areas with greater climate variability which can increase
the phenotypic plasticity of local populations (Boyd et al., 2016).
Additionally, as climate change can drive rapid natural selection

3.3.7 | Other methods

within disturbed populations, protecting high-exposure areas can
promote local adaptation (Rilov et al., 2019). Furthermore, by pro-

While the above-mentioned adaptation strategies have been incorpo-

tecting both low exposure areas where non-disturbance-tolerant

rated into some MPA designs (Appendix S2), others ideas exist in the lit-

species are afforded protection, and high exposure areas where

erature that have yet to be documented in published applications, least
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as published in the scientific literature (Heller & Zavaleta, 2009; Rilov

one of the case studies (~4%) had used adaptive management, but

et al., 2019). Of particular interest are dynamic MPAs, which can move

as a caveat we did not review all existing MPA management plans;

in space and time. Dynamic MPAs could be used to rotate protection

thus, adaptative management may be more prevalent. Adaptive man-

across MPAs in coral reefs to protect herbivorous fish which can increase

agement uses new information to iteratively update management

ecosystem resilience (Game, Bode, McDonald-Madden, Grantham, &

goals and methods either passively from past experiences or actively

Possingham, 2009). Dynamic MPAs could also track changing environ-

through experimentation with carefully designed monitoring (Ban

mental conditions by tracking shifts of SST fronts which often harbour

et al., 2011). As such adaptive management can be used in MPAs to

aggregations of vulnerable marine predators (Hannah, 2008), or move

continually respond to ongoing climate change impacts. This can ad-

with species as their range shifts in response to climate change (Hobday,

dress uncertainty surrounding climate change impacts in conserva-

2011). Dynamic MPAs could be used in conjunction with permanent

tion planning, as plans can be continually updated (Ban et al., 2011;

MPAs to create flexible networks which draw on the benefits of per-

Mcleod et al., 2019). Updates to plans can include rezoning (Keller

manent and dynamic MPAs (D’Aloia et al., 2019; Tittensor et al., 2019).

et al., 2009) or re-delineating MPA network boundaries (Weeks &
Jupiter, 2013). Adaptive management can help to correct any errors

3.4 | MPA management: Managing for
climate change

made during the initial planning process (Magris et al., 2014). It can increase the clarity of management actions if a diverse group of stakeholders is included throughout the process to promote support and
compliance within an MPA (Mcleod et al., 2019).

Effective management is critical to the success of any MPA, even

In order for adaptive management to be effective, monitoring

without the added impacts of climate change (Gill et al., 2017).

programmes targeting multiple indicators for ecological and social

Ecosystem-based management was initially proposed as a central

effectiveness in MPAs are required (Carr et al., 2017; Mcleod et al.,

resilience principle for MPA networks incorporating climate change

2019). Indicators can be based on climate-driven ecological thresh-

adaptation (McLeod et al., 2009). A global meta-analysis found that

olds that are indicative of phase shifts, providing early warning signs

with proper management, partially protected areas promote greater

to inform where management intervention should focus (Johnson

fish abundance and biomass than unprotected areas, and this benefit

& Holbrook, 2014). Indicators can also track other climate-driven

was enhanced when placed adjacent to a marine reserve (Zupan et al.,

changes such as species range shifts, alterations in community as-

2018). As such it has been proposed that MPA networks be built

semblages groups, reductions in sentinel species coverage (e.g.

around core no-take marine reserves managed in conjunction with

seagrass) or changes in resilience (Maynard, Marshall, Johnson,

partially protected MPAs or OECMs and managed within a wider sea-

& Harman, 2010; Otero, Garrabou, & Vargas, 2013). The chosen

scape in which fisheries and other ocean uses are managed appropri-

indicators will be specific to the geographic region and conserva-

ately (e.g. invasive species, pollution; Keller et al., 2009; Wenzel et al.,

tion goals an MPA has (Carr et al., 2017; Mcleod et al., 2019). For

2016). Recently there has been a shift to resilience-based manage-

instance, if an MPA network goal is to promote connectivity, moni-

ment, which builds on ecosystem-based management by acknowl-

toring could examine the transport of juveniles from nursery areas

edging that humans are a driver of change in marine ecosystems, to

to other habitats as an indicator of MPA effectiveness (Carr et al.,

identify and prioritize management actions to promote ecosystem

2017). Monitoring programmes should include targeted (standard-

resilience and facilitate adaptation (reviewed in Mcleod et al., 2019).

ized) and surveillance (observational) monitoring over the long term

Due to the global scale of climate change, management for climate

to understand changes in MPA environmental and ecological condi-

change impacts should be coordinated across the entire MPA net-

tions, as well as short-term studies to understand specific processes

work, with regional management focusing on smaller scale impacts

within MPAs (Rannow et al., 2014; Salm et al., 2006). To be effec-

such as land-based pollution (Mach et al., 2017) and transboundary

tive, monitoring programmes need to be designed at the appropri-

partnerships to facilitate range-shifting species (Hannah, 2010).

ate spatial and temporal scale (Baron et al., 2009; Carr et al., 2017).

Management may best build synergies by coordinating centralized

They should also include human drivers that can affect a species/

governance and local community governance that includes input

ecosystems vulnerability within an MPA (Mcleod et al., 2019). For

from a diverse stakeholders with different capacities to promote cli-

instance, physical barriers to protect against sea level rise can have

mate change adaptation (Ma, 2018; Tuda & Machumu, 2019). Climate

indirect negative impacts on marine ecosystems ability to migrate

change should also be incorporated into management plans with

and adapt in response to sea level rise and other climate impacts

varying scenarios accounting for uncertainty (Hannah et al., 2002).

(Maxwell et al., 2015).

Management actions that target mitigation, repair (e.g. assisted evolution) and societal adaptation (e.g. to loss of coastal protection) will
also play a role (Comte & Pendleton, 2018; Rogers et al., 2015).
To increase management effectiveness, adaptive management

4 | BA R R I E R S TO C LI M ATE C H A N G E
A DA P TATI O N

is one of the most widely cited climate change adaptation strategies (Heller & Zavaleta, 2009), and an important component of resil-

Reviewing studies which had conducted interviews with MPA manag-

ience-based management (Mcleod et al., 2019). We found that only

ers and other individuals involved in the planning and implementation
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process (Cvitanovic, Marshall, Wilson, Dobbs, & Hobday, 2014;

more immediate drivers of change might be sidelined (Hagerman &

Hagerman & Satterfield, 2014; Hopkins et al., 2016a) offers insight

Satterfield, 2014). A second limitation is missing environmental and bi-

into the perceived barriers for embracing climate change adaptation

ological climate change impact data at a relevant scale to management

in marine conservation planning (Figure 5). Despite recognizing a

as most climate change projections are based on global climate mod-

need to act with current knowledge, in full awareness of uncertainty

els. There is a recognized need for greater dialogue between academics

(Hagerman & Satterfield, 2014; Simard et al., 2016), a lack of scientific

and policymakers (Petes, Howard, Helmuth, & Fly, 2014). Interestingly,

information is often listed as a major barrier to climate change adapta-

although MPA managers recognize the importance of peer-reviewed

tion (Cvitanovic et al., 2014; Hagerman & Satterfield, 2014; Hopkins

science to inform decision-making, it is not always thought to be less

et al., 2016a). Missing information includes an understanding of syn-

biased than other information sources (Cvitanovic et al., 2014), and is

ergistic impacts of climate change and other stressors in MPAs. There

sometimes valued and used less than data collected by government

are concerns that by focusing on climate change adaptation strategies,

staff (Lemieux, Groulx, Bocking, & Beechey, 2018). The third source

BARRIERS

Lack of scientific
information

Governance
structure

MISSING PIECES

SOLUTIONS

Understanding of
synergistic impacts in
MPAs due to climate
change

Focus on both climate
change impacts and more
immediate drivers of
change

Missing environmental and
biological data at relevant
management scales

Greater dialogue between
managers and academics

How to practically include
climate change adaptation
in MPA design

Case studies demonstrating
practical examples on how
to do this*

Policy/legislation that does
not include climate change
adaptation

Design policy/legislation to
accommodate climate
change adaptation

Uncertainties in legal
frameworks on how to
incorporate adaptive
management

More flexible and
integrated legal
frameworks

Unclear MPA objectives
making it difficult to
evaluate effectiveness

Define clear MPA
objectives in collaboration
with managers and
stakeholders

*See supplementary information for a list of case studies
F I G U R E 5 Barriers to climate change adaptation. Perceived general barriers, specific missing pieces and potential solutions to implementing
climate change adaptation in marine protected areas (MPAs) were identified by reviewing interview-based studies with MPA managers and
other individuals involved in the MPA planning and implementation process [Colour figure can be viewed at wileyonlinelibrary.com]
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5 | R E S E A RC H G A P S

how adaptation can be practically incorporated into marine conservation planning and management (Cvitanovic et al., 2014; Hagerman &

In the following, based on our above review, we highlight key re-

Satterfield, 2014; Hopkins et al., 2016a). MPA managers value peer-

search gaps in climate change adaptation for marine conservation

reviewed research based on case studies that provide relevant and

planning:

realistic examples of how climate change adaptation can be incorporated under current policy constraints (Cvitanovic et al., 2014). Here

1. Focus on a variety of ecosystem types across a range of latitudes.

we provide a list of case studies that demonstrate examples of incor-

To date almost all studies that consider climate change adap-

porating climate change adaptation into MPA design (Appendix S2).

tation have focused on conservation planning for coral reef

The second most common barrier is based in governance struc-

MPAs. Coral reefs are important ecosystems that are highly

tures (Figure 5; Cvitanovic et al., 2014; Hagerman & Satterfield, 2014;

vulnerable to climate change (Hoegh-Guldberg et al., 2007). Yet,

Hopkins et al., 2016a). This includes cases where policy frameworks

future work should also focus on developing climate-adaptive

and related legislation are not designed to accommodate climate

MPA designs for more temperate and polar habitats, dominated

change adaptation. For example, recent updates to MPA policy doc-

by other ecosystems or habitat-forming species, such as kelp

uments for the European Union do not discuss climate change adap-

or seagrass. For instance, the concept of using thermal stress

tation (Russel, den Uyl, & de Vito, 2018). Scotland's Marine Act gives

regimes to define the full range of climate heterogeneity is

reference to how climate change mitigation can be incorporated but

easily transferrable to other biogenic habitats, particularly for

does not address adaptation (Hopkins, Bailey, & Potts, 2016b).

climate-sensitive species such as kelp (Wernberg et al., 2016).

Another related barrier concerns uncertainties in legal and reg-

2. Focus on pelagic and deep-sea habitats. The dominance of corals

ulatory frameworks. Uncertainties in how to incorporate adapta-

also meant most research has focused on climate change adap-

tion in management, and rigid government/policy structures have

tation in coastal habitats. Climate change impacts will vary in

limited the use of adaptive management in MPAs, and this will

pelagic and deep-sea habitats, which may require new thinking

likely continue (Cvitanovic et al., 2014; Hagerman & Satterfield,

on how adaptation technique should be incorporated into MPAs.

2014; Hopkins et al., 2016a). Legislation and policy structures

3. Focus on multiple climate change stressors. Most vulnerability

will need to become much more flexible, and be integrated across

assessments and corresponding adaptation methods focus primar-

different planning and management structures to allow for suc-

ily on the impact of increasing temperature. While temperature is

cessful adaptation across the global network of MPAs (Cliquet,

the most understood impact, increasing temperature will interact

2014; Hopkins et al., 2016a; Spalding et al., 2016). This change

with other climate and non-climatic stressors in MPAs potentially

has already begun: climate change adaptation is considered in

resulting in synergistic impacts (Hewitt, Ellis, & Thrush, 2016).

Australia's Marine Park Act (Johnson & Holbrook, 2014; Yates,

4. Examine the dichotomy between adaptation strategy recommenda-

Clarke, & Thurstan, 2019) and several US policy initiatives are

tions. Polarizing advice has been provided in the scientific litera-

beginning to incorporate climate change adaptation (Petes et al.,

ture by either protecting only climate refugia or protecting the

2014). Furthermore, theoretical frameworks have been developed

whole range of climate futures (increase heterogeneity), with

which demonstrate how conservation policy could include climate

the former focused on protecting the status quo, and the latter

change adaptation (McDonald et al., 2019). Yet, there is still a long

focused on facilitating adaptation. As such:

way to go to embrace flexible climate-smart planning and man-

5. Gather empirical evidence for the effectiveness of different adapta-

agement. For instance, dynamic MPAs are a often-cited climate

tion strategies. So far, very few existing MPAs have incorporated

change adaptation strategy in the scientific literature (D’Aloia

climate change adaptation strategies (Tittensor et al., 2019).

et al., 2019), but are currently thought to be politically unfeasible

Therefore, in most cases it is too early to tell which adaptation

in many jurisdictions (Hopkins et al., 2016a; Tittensor et al., 2019).

strategies are the most effective. Experimental research into

A third barrier based in governance structures is a mismatch be-

climate-adaptive MPAs, as well as terrestrial PAs, can help deter-

tween MPA objectives and definitions of success from regulators

mine which adaptation strategies are the most effective at pro-

and stakeholders’ perspectives (Cvitanovic et al., 2014; Hagerman

tecting biodiversity in the face of climate change.

& Satterfield, 2014; Hopkins et al., 2016a). Very few MPAs provide
clear objectives that directly relate to climate change (Hopkins et al.,
2016a). Unclear objectives make it difficult to evaluate the effec-

6 | CO N C LU S I O N

tiveness of an MPA with continued climate change which can skew
stakeholder perception of success (Hopkins et al., 2016a), although

Our review provides a comprehensive synthesis of planning

this problem is not specific to climate change objectives (Yates et al.,

frameworks, case studies, adaptation strategies and management

2019). Clear objectives are needed to ensure the monitoring re-

actions that can be used to incorporate climate change adapta-

quired for adaptive management is at its most effective (Hopkins

tion into the design and management of MPAs. As there is a vast

et al., 2016a), particularly since the ability to link management ac-

amount of research on this topic, we can only summarize the main

tions to objectives is a central tenet of CSC (Stein et al., 2014).

themes, but we have compiled a database of relevant papers to
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provide further guidance (Appendix S3). This is compiled from
the primary literature and does not include all grey literature reports. To address this issue, it has been recommended to create
a centralized catalogue of all case studies where climate change
adaption has been incorporated into MPA design and management (Tittensor et al., 2019). From the onset of MPA planning,
clear conservation goals should be defined, based on both species-based (fine-filter) and higher level (coarse-filter) conservation features. Vulnerability assessments for all conservation
features and multiple climate change impacts can provide insight
into how species and communities may be impacted, and which
specific climate change adaptation strategies should be incorporated into MPA design. MPAs should be closely monitored with
relevant indicators and managed adaptively in response to monitoring results. Incorporating climate change adaptation strategies
across every stage of the planning process maximizes the likelihood that MPAs will effectively protect marine biodiversity in a
changing climate. The outlined conservation planning process, if
implemented in existing and future MPAs and networks across
the global seascape, could guide a more coordinated effort across
nations to protect an increasing number of species and ecosystems (e.g. 30% by 2030) in the face of continued climate change.
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