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SCIENCE FOR SOCIETY Marine protected areas (MPAs) are a common area-based management tool for
coastal ecosystems. They are designed to protect marine and coastal habitats from the effects of human
exploitation and support the conservation of biodiversity and preserve services and resources, including
food provision. However, whereas MPAs are static with defined boundaries, the species and ecosystems
they seek to protect can shift their locations in response to the effects of climate change. Consequently,
the conditions and biodiversity within MPAs and the services MPAs seek to preserve can deteriorate
over time. The extent to which MPAs are fit for purpose in a warming world remains unclear, and greater
understanding is required to guide adaptation efforts. An analysis of the effectiveness of MPAs in the West-
ern Indian Ocean casts doubt on the capacity of MPAs to promote biodiversity persistence and resilience to
climate change, with important consequences for society. There is a clear need for innovative climate-smart
management strategies, flexible both in time and space, that consider the variability of climate change im-
pacts to safeguard biodiversity regionally.

SUMMARY

Marine protected areas (MPAs) are among the most effective management responses to human environ-
mental impacts. However, their capacity to sustain biodiversity and associated ecosystem services under
climate change is uncertain. Understanding how climate shifts impact ecosystem functioning and socioeco-
nomic well-being is vital for biodiversity conservation and adaptation planning. Here, we show that climate
change could render the current MPAs network in 12 nations in the Western Indian Ocean ineffective in sup-
porting conservation and socioeconomic outcomes. Approximately half of the coral reefs and MPAs in coun-
tries most at risk of food insecurity will likely experience significant biodiversity losses. Only 4% of reefs and
6% of MPAs were located within areas less likely to experience climate shifts. Biodiversity hotspots for coral
and reef fish were generally over-represented in the most at-risk areas. Conservation actions planned to
anticipate climate risks can help to maintain biodiversity and socioeconomic benefits.

INTRODUCTION and socio-ecologically sensitive communities will be substan-

tial."” While there are estimates of climatic niche trajectories and

Climate change is rapidly modifying the marine environment,
severely impacting economies and ecosystems.”'" Conse-
quences at the local scale include the collapse of populations
and modified species distributions, leading to changes in commu-
nity interactions and ecosystem functioning.® 2> Without trans-
formative adaptation in the face of significant climate shifts,'® how
much climate change alters temperature or precipitation, the im-
pacts of these changes on high resource-dependent economies
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their consequences for species distributions under climate
change,’ spatially explicit implications for biodiversity conserva-
tion and ecosystem health have yet to be assessed. Understand-
ing how projected climate shifts willimpact ecosystem functioning
and socioeconomic well-being is essential for planning for biodi-
versity conservation and social adaptation strategies.

Marine Protected Areas (MPAs) are a common area-based
management tool for coastal and marine ecosystems,’® with
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Figure 1. The spatial intersection of climate
change trajectories, MPAs, and level of
food security levels by country in the WIO

(A and B) Proportion of reefs in each climate change
trajectory (protected — dark gray; unprotected —
light gray) (A). Number of MPAs with reefs in one or
more climate trajectories (B). The proportion of
MPAs is indicated for one or more climate change
trajectories.

(C) Reef and MPAs location in the WIO.

(D) Reef distribution (%) among WIO nations and
their intersection with climate change trajectory
(Figure S2). Countries are classified and ordered
according to their level of true subsistence (TS)
(see experimental procedures): high >80% to very
low <10%. The TS level in Somalia is unknown (NA)
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overall positive social outcomes.'® However, MPAs are static in
both space and time, while the expected climate change shifts in
species distributions'®?%?" mean present-day biodiversity hot-
spots may shift. Given ongoing species reorganization under a
changing climate,”?" many present-day conservation areas
may become suboptimal in the future.?” Unless climate-smart
adaptive management approaches are adopted, taking into ac-
count climate refugia,”® future biodiversity hotspots, and expo-
sure to climate change,”* the biodiversity outcomes of MPAs
will be seriously compromised, along with their capacity to sup-
port the needs of human communities.?>*® This is particularly
true in low- to middle-income countries where communities
are highly dependent on natural resources for their livelihood.?”

Understanding the future capacity of MPAs to support biodi-
versity persistence and the associated socioeconomic benefits
is therefore vital.”® However, while MPAs must be adapted
based on climate change responses, there is still uncertainty sur-
rounding their management and scheduling.?® It is imperative to
address the knowledge gap surrounding climate change in order

D Climate change trajectories
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Climate change trajectories in MPAs

to improve anticipatory and dynamic
spatial prioritization of conservation areas
that maximize long-term conservation
goals. The future role of MPAs and their
potential to provide benefits can be tested

Mattagag,
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"4 _<P’°° based on projections of potential species
. shifts?® and the distribution of biodiversity
i hotspots.
e | Kenya We focused our study in the Western In-
", dian Ocean (WIO) region (Figure 1C). The

___ WIO comprises small islands and conti-
nental states along the WIO boundary.
Approximately 30 to 60 million people
live on the WIO coasts, with highly
resource-dependent coastal commu-
nities.>° Subsistence and artisanal fish-
eries support livelihoods and are key
nutrient and protein sources for more than 85% of fishers.?”+*-%
The WIO is experiencing the fastest changes globally due to
climate change.®® To estimate climate change impacts, we
used previously published estimates of marine climate velocity,
which represent species climate change trajectory trends.
Climate velocity is a vector that describes the speed and direc-
tion of isothermal shift through space under climate
change.'®"?° From an ecological perspective, climate velocity
is the speed and direction a species needs to move to maintain
its current climate conditions.'® Climate velocity provides a sim-
ple and generic metric of exposure to warming that predicts spe-
cies’ range shifts.””

Nine climate change trajectories are expected to occur glob-
ally.” These are (1) climate sources characterized by novel ther-
mal conditions with mostly trajectories starting (>80%) and no
new climate migrants, leading to the overall loss of biodiversity;
(2) climate convergence, where more trajectories are terminating
than starting; (3) climate divergence, where more trajectories are
starting than terminating, both climate convergence and

it
et
P

One Earth 5, 1228-1238, November 18, 2022 1229




¢ Cell’ress

divergence areas have the potential for species reshuffling and
new ecological interactions; (4) climate corridors or pathways
through which a high percentage of trajectories pass; (5) climate
slow-moving areas, and (6) climate non-moving areas, charac-
terized by slow/very slow trajectories and acting as potential
climate refugia; (7) climate boundary sinks, where coasts block
trajectories; (8) climate sinks, where more trajectories are termi-
nating than starting; and (9) internal sinks." Projected climate
sinks have the potential for biodiversity loss unless species
adapt to new ecological conditions.'® Climate sources are char-
acterized by novel warmer conditions and are disconnected
from warmer locales where similar conditions previously ex-
isted®’; consequently, there are no communities of organisms
from warmer regions to replace those moving out, leading to
loss of species richness.'® Out of the nine climate trajectories
documented worldwide, seven are expected to occur in the
WIO (source, convergence, divergence, sinks, boundary sinks,
corridors, and slow-moving) (Figure S2). With 143 MPAs in the
region, most of which are nearshore, approximately 7% of the
ocean is protected.®* Given the high dependence of WIO coastal
communities on the marine environment and the rapid adverse
changes occurring in the region, we explored potential changes
in ecosystem functioning and efficiency of MPAs in supporting
multispecies fisheries now and into the future.

We achieve this by retrospective evaluation of overlaps of
climate risks, multifaceted biodiversity hotspots for fish and
corals—where multifaceted biodiversity comprises multiple
functional components linked to ecosystem processes and
ecosystem services>®—and the current spatial arrangement of
a regional MPA network. Using climate forecasts and species
distribution data for coral and fish, we evaluate the potential
for the existing MPA network to protect both present and future
multifaceted biodiversity in coral reef ecosystems. We used
global distribution range maps of scleractinian coral and fish
species to derive three complementary facets of biodiversity:
species richness, functional richness,*® and phylogenetic diver-
sity.>® Combined, these indicators represent a quasi-complete
multifaceted structure and composition dynamics of stony coral
and fish ecological communities,®>*"° Specifically, we first
investigated conservation gaps for coral reefs now and in the
future. We tested the hypothesis that biodiversity hotspots are
(1) currently protected and (2) located in expected climate
refugia. We focused on coral reefs because many human soci-
eties in tropical regions worldwide depend heavily on the critical
ecosystem goods and services they provide. As coral reef eco-
systems degrade, human populations in these regions are at
much greater risk.*® To test the hypothesis, we spatially inter-
sected the present distribution of coral and fish species with
management restrictions and the predicted species’ climate
change categories. Second, we simulated the expected loss of
structural complexity, one of the most important characteristics
of coral reefs,*" in places likely to experience significant climate
changes. Complex habitats are associated with higher coral reef
ecosystem functioning, as well as services such as fisheries
and coastal protection through wave energy dissipation.*® In
addition, the loss of architectural complexity may reduce diver-
sity and compromise the productivity of fisheries® by, inter
alia, raising post-settlement mortality among juvenile fish.** A
decline in architectural complexity will likely have significant

1230 One Earth 5, 1228-1238, November 18, 2022

One Earth

ecological and socioeconomic repercussions,*® especially for
fishing-dependent communities. Based on current knowledge
of coral species thermal sensitivity,*® we hypothesized that as
climate change occurs, highly climate-sensitive taxa within pre-
dicted source areas with novel climate conditions (e.g., Acrop-
ora) and the least competitive taxa (e.g., Porites) within indicated
convergent areas will be the first casualties.

Our analysis reveals that approximately half of reefs and MPAs
were located in areas most susceptible to climate-mediated
biodiversity loss. In addition, hotspots of biodiversity compo-
nents directly associated with ecosystem processes were found
in MPAs that may experience significant biodiversity loss due to
climate change. Interestingly, we found that 40% of reefs were in
areas that might experience biodiversity reshuffling, with high
probability of reef complexity maintenance despite climate
change. Those areas might highly benefit from resilience-based
management approaches to maximize socio-ecological benefits
for dependent populations. Although limited by the moderate
spatial resolution of available data, our results highlight the utility
of innovative and anticipatory regional-scale climate-smart port-
folio management strategies, coupled with adaptive and flexible
MPAs. We argue that such an approach is urgently required to
address climate change and ensure the sustainability of multi-
species fisheries contributions to food and nutrition security.

RESULTS

Marine protected areas and climate change trajectory
Using global coral reef distribution data,”” we extracted 4,490
~4 X 4-km grids representing coral reef locations across 12
countries of the UNEP-Nairobi Convention regional sea in WIO
(Figure 1C). Overall, 28% of grids (hereafter reefs) were located
within 82 MPAs. By 2100, approximately 50% of reefs in the
WIO will be under the predicted source trajectory (Figure 1A).
The majority of these were found in the Comoros, Madagascar,
and Tanzania, where food security is highly dependent on multi-
species fisheries (Figure 1D).? Furthermore, ~15% of WIO reefs
in Madagascar and Seychelles may undergo convergence (Fig-
ure 3A and Table 1). Another 15% may experience boundary
sinks, mainly in Tanzania, Kenya, and Mozambique (Figure 1D).
A smaller percentage (4.2%) of reefs may undergo a slow-mov-
ing trajectory, predicted to occur off the Kenyan and Tanzanian
coasts (Figure 1D). Overall, 2.2% of coral reefs were in predicted
climatic sinks (Figure 1A), and approximately 40% will experi-
ence species reshuffle (convergent, divergent, and sink trajec-
tories) (Table 1). Importantly, we found that most MPAs inter-
sected with a single projected climate change trajectory
(Figure 1B), and approximately half the protected areas (39 of
82) were located only in predicted climate source areas (Fig-
ure 1B). The other six climate change trajectories intersected
spatially with 2-9 MPAs (Figure 1B).

Coral and fish biodiversity hotspots in the WIO

The distribution of coral and reef fish biodiversity facets is sum-
marized in Figure S1. The location of biodiversity hotspots for
coral and reef fish is presented in Figures S3 and S4. Biodiversity
hotspots are defined as areas within the top 10% on each of the
three biodiversity metric scores.*® When considering only the
UNEP-Nairobi Convention regional sea countries (n = 12), coral
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Table 1. The proportion of reefs in each climate category and
management

Climate change trajectories Fished MPA Total
Source 35.9 14.3 50.2
Convergence 11.6 3.1 14.6
Boundary sink 9.1 5.3 14.4
Corridors 5.3 2.8 8.1
Divergence 5.4 0.8 6.2
Slow-moving 3.3 0.9 4.2
Sink 1.0 1.2 2.2
Total 71.5 28.4 100.0

biodiversity hotspots were poorly represented within the current
arrangement of protected areas’’ except phylogenetic diversity
hotspots. Overall, there was little spatial overlap between coral
and fish biodiversity facets in the WIO (Lee index ranged
from —0.3 to —0.4, Table S1). The multifaceted coral biodiversity
hotspots were in Mayotte in the Mozambique channel
(Figure S3).

Coral species richness and phylogenetic diversity had the
strongest spatial congruence (Lee = 0.9). Hotspots for the two
biodiversity metrics were in northwestern Madagascar and
Mayotte—-Comoros islands (Figures S3B and S3D, and
Table S2). Hotspots of coral functional richness were situated
on the northern coast of Mozambique and in the Mayotte—
Comoros islands (Figure S3C and Table S2). The fish’s multifac-
eted biodiversity hotspots were located on the Tanzanian coast
(Figure S4A). Fish species richness and phylogenetic diversity
had the highest spatial congruence (Lee = 0.9), with hotspots
on the Tanzanian and Kenyan coasts. Fish functional richness
hotspots were located on the southern Tanzanian and Mozambi-
can coasts and the north of Madagascar (Figure S4C and
Table S2). Based on estimates of travel time to the nearest mar-
ket, we evaluated the accessibility of biodiversity hotspots (and,
therefore, their exposure to human pressure®®). Overall, coral
and fish biodiversity hotspots were distributed homogeneously
along the gradient of travel time to market at an average of be-
tween 3 and 5 hours (Figure S5). Hotspots for coral species
and phylogenetic richness were located approximately 5 hours
from the nearest market, while functional richness hotspots
were located at 3 hours (Figure S5C). Hotspots for fish functional
richness and phylogenetic diversity were located farther from the
closest market (~5 hours) than hotspots for fish species richness
(~2 hours) (Figure S5D).

Protecting multifaceted biodiversity hotspots

To evaluate qualitative gaps in coral reef conservation in the
WIO, we tested for a spatial intersection between climate change
trajectories, MPAs, and the coral and fish multifaceted biodiver-
sity hotspots. We spatially intersected the occurrence of 367
scleractinian coral and 557 reef fish species with MPAs’ location
and climate change trajectories (Figure S2). We then evaluated
the proportion of protected reefs in biodiversity hotspots and
in each of the seven climate change trajectories. We assumed
that in a balanced conservation portfolio design,®' protected
reefs would have equal representation within each of seven
climate change trajectories (i.e., 4% reefs in each climate trajec-
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tory [see experimental procedures]). We then used 4% protected
reefs as a baseline for estimating the level of representation of
protected reefs within each climate change category. We found
a strong spatial correlation between species richness and phylo-
genetic diversity for coral and fish species, whereas functional
richness was relatively weakly correlated with species richness
and phylogenetic diversity (Table S1). Overall, coral biodiversity
was highly represented on protected reefs for each facet sepa-
rately and the three facets combined in convergence areas
(Figures S3A and S3D). Conversely, fish functional and phyloge-
netic diversity hotspots were less protected than fish species
richness (Figure S4B).

Coral biodiversity hotspots (top 10% of each of the three biodi-
versity metric values*®) were highly represented in protected
reefs within projected convergent areas compared with less
diverse reefs (from 20% for functional richness to 28% for spe-
cies richness) (Figures 2A-2D). The least diverse protected reefs
intersected mainly within the predicted source trajectory
(Figures 2A-2D). Moreover, coral biodiversity hotspots in pre-
dicted slow-moving regions were rare (Figures 2A-2D). Protec-
tion arrangements for fish biodiversity were variable depending
on the biodiversity metrics. Fish species richness hotspots
were highly represented within predicted slow-moving areas
(28% reefs), while fish functional richness hotspots were highly
represented within predicted divergence areas (28% reefs)
(Figures 2A and 2B). Fish phylogenetic diversity hotspots were
highly represented within the predicted source trajectory (28%
reefs) (Figure 2C). The least diverse protected reefs for fish biodi-
versity were over-represented within the predicted source and
boundary sink areas compared with the predicted slow-moving
areas (Figures 2E-2H). There were no combined multifaceted
fish biodiversity hotspots (top 10%) (Figure 2H).

Loss of mean assemblage coral complexity

We tested for potential impacts of climate change on coral reefs
by simulating changes in functional richness and reef complexity
based on predicted climate trajectories (Figure 3A). We used the
coral convexity metric as a proxy for coral complexity (Fig-
ure 3B).%? Coral convexity is a continuous morphological trait
that captures volume compactness and space within a colony
and increases from most complex branching (0) to least complex
massive colony shapes (1).°° As already stated and based on
current knowledge of coral species thermal sensitivity,’® highly
climate-sensitive taxa within predicted source areas with novel
climate conditions (e.g., Acropora) and the least competitive
taxa (e.g., Porites) within indicated convergent areas will decline
first.

Consequently, simulating the source trajectory involved
removing coral species that are most sensitive to climate
change. Simulating the convergence trajectory involved sequen-
tial removal of the least competitive species (see experimental
procedures). The loss of coral species from both source and
convergence areas induced a faster loss of functional richness
than would be expected by chance, particularly after 25% of
species were removed from the species pool (Figure 3A). How-
ever, the impact of species loss on the assemblage average
coral convexity diverged between the two scenarios. In future
source areas, the average coral convexity of coral assemblage
increased faster than would be expected by chance while
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Figure 2. Proportion of protected reefs within each of the seven climate trajectory zones along the coral and the fish biodiversity gradients

and for each biodiversity component

Proportion of protected reefs for total species richness (S) (A and E), functional richness (FRic) (B and F), phylogenetic diversity (PD) (C and G), and all three
components of multifaceted biodiversity together (D and H) for corals (top: A-D) and reef fish (bottom: D-G) for the seven climate change categories estimated for
each percentile. For each biodiversity component and taxa, we ranked the 4,490 reefs from most (left side of the x axis) to least diverse (right side of x axis) and
estimated the cumulative proportion of protected reefs for each percentile. The dashed vertical line indicates the 90th percentile. The black horizontal line in-
dicates that the balanced percentage of reefs in MPAs in each category is 4% (see experimental procedures). If MPAs were equally located in each of the seven
climate change categories, proportions of protected reefs located over and under the 4% reference value (see experimental procedures) would reveal the over/
under-representation of reefs located in MPA for a particular climate change trajectory.

remaining lower than expected by chance in climate conver-
gence areas (Figure 3B).

DISCUSSION

In this study, we explored changes in ecosystem functioning and
the effectiveness of MPAs in supporting multispecies food fish-
eries in the WIO under climate change. We showed that climate
change might render the current MPA network in 12 WIO nations
a food insecurity hotspot, ineffective in supporting biodiversity
conservation and food security outcomes. With less than 4%
of reefs within climate refugia and only a quarter under manage-
ment, the current spatial arrangement of the MPA network in the
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WIO may not be strategically located to conserve the most
diverse and functional reefs now or in the future, casting doubt
on the capacity of the current MPA network to promote biodiver-
sity persistence and resilience to climate change in the WIO.
Marine protected areas can effectively improve fisheries yield
while safeguarding biodiversity, carbon stocks, and other
ecosystem services.'®'® However, climate change is threat-
ening the capacity of MPAs to deliver successful biodiversity
conservation outcomes. There is mounting evidence of species
redistribution as the climate warms, which is expected to cause
profound rearrangement of ecological communities in exposed
reefs and to alter species interactions, particularly for scleracti-
nian coral species.®®>* Under climate change, we found that
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Figure 3. The projected loss of scleractinian coral functional rich-
ness and mean coral convexity with the loss of species richness
(A) Potential coral functional richness in the source (pink line) and convergence
(blue line) areas based on relative species sensitivity to climate change and
(B) associated average convexity of coral assemblage in the source (red line)
and convergent (black line) areas. In source areas, the species most sensitive
to climate change were removed first, and in convergence areas, the least
competitive species were extracted first (Table S5). The random scenario
involved randomly selecting scleractinian coral species 999 times along the
species extinction gradient. The light blue line is the mean functional richness
(A), coral convexity (B), and the upper and lower limit is the 95% predictive
interval. Coral convexity is a continuous morphological trait that captures
volume compactness and space within a colony and increases from branching
(most complex, 0) to massive colony shapes (least complex, 1) (Table S4). The
y axis of the coral convexity plot (B) has been reversed.

half of the protected reefs in the WIO are likely to experience sig-
nificant biodiversity loss in sources. With species potentially
escaping warming conditions and with no replacement species
from warmer areas, the capacity of MPAs in the WIO to sustain
associated ecosystem services may be undermined.?>°>°¢ Un-
fortunately, the nations most dependent on coastal resources for
food security are among those most exposed to these changes,
highlighting the need for adaptive management to sustain liveli-
hoods under future climate stress.®” Furthermore, management
strategies designed to increase resilience in source areas®® may
be rendered less effective in preventing biodiversity loss.
Instead, actions aimed at increasing ecological resilience in
convergent, divergent, and sink areas (~40% of reefs), as well
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as in climate refugia, reducing non-climate stressors such as
overfishing and pollution, and ensuring connectivity®® between
the most resilient reefs should be prioritized to minimize socio-
ecological risks. In addition, protecting climate corridors is crit-
ical in order to maintain safe pathways for species migrating to-
ward more suitable conditions. Our findings provide compelling
evidence that innovative and anticipatory regional-scale climate-
smart portfolio management strategies, coupled with both
spatially and temporally adaptive and flexible MPAs, should be
considered to reduce the risk of climate change impacts on
coastal ecosystems and livelihoods. To achieve this, predicting
responses and reorganization of species assemblages under
climate change and conservation impacts across space and
time are needed to inform decisions on area-based conservation
measures.”>°°

The primary MPA goals of supporting biodiversity and fisheries
outcomes are underpinned by the effective management of reefs
with the highest biodiversity values, among other consider-
ations.®’ However, a portfolio of less biodiverse yet strategically
located reefs can serve as seedling cradles, supporting connec-
tivity among reefs® and promoting the recovery of degraded
reefs.®® To maximize the conservation benefits of MPAs now
and into the future, strategic planning of locations is therefore
critical. Protecting functionally and phylogenetically diverse
reefs located in climate refugia and less diverse reefs that are
not subject to biodiversity loss in the future, can buffer MPA net-
works against ongoing climate change and uncertainties. We
found that only coral biodiversity hotspots are adequately pro-
tected within the current MPA network, particularly phylogenetic
diversity but not fish taxa (except species richness). Despite the
need for a tradeoff between ecological and socioeconomic con-
siderations, especially in highly resource-dependent regions, the
results suggest a lack of adequate biodiversity consideration in
the current MPA design in the WIO. When we spatially inter-
sected biodiversity hotspots with climate trajectories, only fish
species richness hotspots were located in both climate refugia
and MPAs. Yet fish functional richness and phylogenetic diver-
sity hotspots are in average less accessible from major human
settlements and so could be protected with lower socioeco-
nomic cost while offering potential high ecological benefits.

Overall, hotspots of biodiversity components directly associ-
ated with ecosystem processes (e.g., functional richness and
phylogenetic diversity) were found in MPAs that may experience
significant biodiversity loss (source trajectories) and biodiversity
reshuffle (e.g., convergent and divergent trajectories) due to
climate change. Taken together, the findings demonstrate that
the current spatial arrangement of the MPA network in the WIO
may not conserve the most diverse and functional reefs in the
future, particularly for fish, and hence might not promote biodi-
versity persistence and resilience to climate change. The vari-
able patterns among biodiversity facets and limited overlapping
between taxa reinforce the need for a multifaceted and multi-
taxon approach to biodiversity conservation that can identify
and prioritize taxa-specific hotspots of key biodiversity compo-
nents. In addition, long-term multidimensional and multitaxon
biodiversity monitoring is essential to capture the expected
changes experienced by coastal ecosystems. This will inform
climate change adaptations to minimize the risk of adverse con-
servation outcomes and sustain ecosystem services.
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Reef complexity is a crucial ecosystem function linked to coral
cover and the identity of dominant species, and their associated
morphological and functional traits.*>®* Coral complexity de-
pends largely on coral community assemblage. As found in pre-
vious studies,®® extinction of the least tolerant coral species may
lead to an excessive loss of coral functional richness and
increased associated assemblage convexity (and hence a
decrease in complexity) of the coral reefs most exposed to
climate change stress. This is mainly due to the loss of branching
fast-growing Acropora spp., which are highly susceptible to
environmental disturbance.®®%°. The branching coral taxa are
also the primary carbonate source on most reefs and provide mi-
cro-scale complexity and habitat for diverse reef organisms.*°
On the other hand, slow-growing massive corals (e.g., Porites
spp.) tend to resist stress and cope better with environmental
disturbance. However, their growth morphology provides lower
habitat complexity (i.e., higher convexity).®®°

Importantly, our results suggest that areas likely to experience
species reshuffle (e.g., convergent trajectory) may maintain coral
complexity and the associated ecosystem functions and fish-
eries productivity®®"° due to Acropora’s competitive character-
istics. Therefore, there is an opportunity to safeguard a key
ecosystem function for a significant proportion (40%) of coral
reefs in the WIO. These areas might benefit from management
measures to reduce other stressors and minimize cumulative im-
pacts on reefs (e.g., MPAs, reduced runoff, etc.) to increase
ecological resilience. As climate change impacts transcend na-
tional jurisdictions, coordination of conservation and adaptation
actions across local, national, regional, and global scales is
critical.”’

Increasing the climate change adaptive capacity of both insti-
tutions and households will require transformational adapta-
tion,”? including more adaptive, participatory, and collaborative
forms of governance and a combination of autonomous and gov-
ernment-led efforts.”® In addition, in view of the uncertainties in
climate change impacts on ecological communities and associ-
ated fisheries,”* " it is crucial to monitor small-scale ecological
changes to track climate change impacts through the involve-
ment of local fishing communities. Providing local fishing com-
munities with the tools to monitor and observe their territories
can assist in reconnecting people to their lands and revitalize
stewardship and cultural practices’” while providing valuable in-
formation on ecological changes. It can also promote social
learning and visibility of changes, essential attributes for adap-
tive responses to climate change.”®

Climate change will have adverse impacts on coastal tropical
ecosystems and associated fisheries, resulting in a decrease in
fisheries productivity as well as other, less studied conse-
quences, such as novel species interactions and reorganization
of communities.”*"® These impacts are already manifesting in
shifts in marine species’ distribution patterns, disrupting fish-
eries and fishing communities and threatening food security.”
The WIO countries most vulnerable to climate change also
have the greatest vulnerability to food insecurity, particularly
Madagascar, Tanzania, and Comoros. The moderate spatial
resolution of the climate models used in this study limits the
effectiveness of the predictions at smaller spatial scales. Also,
climatic variables, such as temperature, can be more heteroge-
neous over space than our analyses represent. Since no single
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analysis can capture all ecological risks link to climate change,
further work is needed to ground truth ecological changes. In
addition, biodiversity data were derived from different sources
and therefore featured different time and spatial resolutions.
Spatial and temporal aggregation and eventual integration can
increase errors from a mismatch in the spatial and temporal cor-
relations.”® Local-scale studies incorporating socioeconomic
aspects may be needed for small-scale evaluation of socio-
ecological dynamics and the impact of climate change, including
the adaptive capacity of local fishing communities. Likewise, in
evaluating exposure to future climate change, the study does
not consider the potential for adaptation; this remains a potential
area for model improvement. The study focused on MPAs with
variable levels of protection and did not include Locally Marine
Managed Areas (LMMAs) and Other Effective Area-Based Con-
servation Measures (OECMs). Evidence of the role of LMMAs
and OECMs in biodiversity conservation is growing.?®" Future
studies should specifically investigate the effectiveness of
MPAs considering their actual level of protection,®” as well as
the effectiveness of alternative conservation tools in sustaining
ecosystem services under climate change.

The findings highlight the need for flexible coastal biodiversity
management approaches for biodiversity conservation and sus-
tainable fisheries, tailored to local contexts but regionally
coherent, coupled with adaptive management to achieve trans-
formational change for local fishing communities. Reef conser-
vation and management efforts must strive for sustained
ecosystem services, and MPAs should encompass a range of
reefs along the spectrum of vulnerability, impacts, and climate
futures. Effective management requires anticipatory, innovative,
and climate-smart portfolio management strategies, flexible
both in time and space and shaped by the international collabo-
ration to implement successful policies at the regional scale. This
study also highlights the need for social adaptation of highly
dependent local fishing communities, which will be the first to
experience the detrimental consequences of biodiversity loss.
Fine-scale multidimensional and multitaxon biodiversity moni-
toring will be essential to capturing the expected changes in
coastal ecosystems in the WIO and identifying future biodiversity
hotspots to best inform effective climate change adaptation ac-
tions to minimize adverse conservation outcomes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Stephanie D’Agata
(stephanie.dagata@gmail.com).

Materials availability

This study did not generate new unique materials.

Data and code availability

Scleractinian coral and fish species distribution data are publicly available
from the International Union for Conservation of Nature (IUCN) redlist (www.
iucnredlist.org). Coral reef distributions are publicly available from the World
Resources Institute (datasets.wri.org). MPA data are publicly available from
the World Database on Protected Areas database (http://protectedplanet.
net/). Worldwide climate change trajectories data can be obtained from
Burrow et al." Country True Subsistence (TS) index data can be obtained
from Taylor et al.” Molecular phylogeny for scleractinian coral can be obtained
from Huang and Roy (2015).> Molecular phylogeny for fish species can be
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obtained from Mazel et al.” Scleractinian coral species functional traits can be
obtained from Madin et al.® and McWilliam et al.® Fish species functional traits
can be obtained are from Mouillot et al.” Coral mean convexity and standard
deviation for each coral growth form can be obtained from Zawada et al.® All
original code has been deposited at Zenodo: https://doi.org/10.5281/
zenodo.7308504. The code is also openly available at https://github.com/
StephDag/OneEarth_2022_Climate. MPAs_WIO. Any additional information
required for reanalyzing the data reported in this paper is available from the
lead contact upon request.

Spatial data

Coral and fish occurrence data

We selected 367 scleractinian coral (shallow habitat species) and 557 fish spe-
cies, for which global range maps were downloaded from http://www.
iucnredlist.org/technical-documents/spatial-data. We focused on scleracti-
nian coral species since this taxa is the primary carbonate source on most
reefs, providing complexity and habitat for diverse organisms while being high-
ly sensitive to climate change.*®

We estimated species richness of different species groupings as the sum of
the species co-occurring by overlapping distribution maps at fine-scale reso-
lution (0.04 x 0.04° grid cell, i.e., approximately 4 km at this latitude).

We collected spatial information on coral reefs distribution (500 m resolution)
from the World Resources Institute (https://datasets.wri.org/dataset/tropical-
coral-reefs-of-the-world-500-m-resolution-grid). We collected spatial infor-
mation on MPAs in the Nairobi Convention countries in the WIO from the World
Database on Protected Areas database (http://protectedplanet.net/). We re-
corded 4,490 coral reef cells (0.04 x 0.04°) in the WIO across 12 countries.
Of these, 28% were within MPAs.

Climate change trajectories

We extracted climate change categories from Burrows et al." (Figure S2).
Climate change categories were extracted at each centroid of the
0.04° x 0.04° coral reef raster to match biodiversity resolution.

If the MPA system was balanced across the climate change trajectories, the
distribution of the seven climate change categories in protected reef cells
(28% in total) would be uniform (i.e., 28% divided by 7 = 4%). Thus, propor-
tions of protected cells located over and under the 4% threshold revealed
over- and under-representation, respectively, of cells found in protected areas
or hotspots of fishing pressure.

Phylogenetic and functional traits data
Phylogenetic diversity
We used a dated molecular phylogeny for scleractinian coral® and fish spe-
cies* to estimate phylogenetic diversity based on the Faith index®® for 358
(97% species pool) scleractinian coral species (supplemental information)
and 353 (63% species pool) fish species for which phylogenetic information
was available.

We estimated the phylogenetic diversity of scleractinian coral and fish as-
semblages in each grid cell (0.04° x 0.04° resolution).

These calculations were carried out using R version 4.0.2 software (R Devel-
opment Core Team 2020) and Picante and Ape packages.
Functional traits diversity
We characterized scleractinian coral species (n = 367) using seven functional
traits selected for their functional importance: (1) growth rate, (2) skeletal den-
sity, (3) corallite width, (4) maximum colony size, (5) colony height, (6) interstitial
space size, and (7) surface-area-to-volume ratio.>®

The growth rate was coded using five categories: 0-5, 5-10, 10-25, 25-50,
and 50-200 mm/y . Skeletal density was coded using five categories: 0-1.2,
1.2-1.5, 1.5-1.8, 1.8-2.1, and 2.1-3 g/cm®. Corallite width was coded using
five categories: 0-1.5, 1.5-6, 6-12, 12-25, and 25-100 mm. Maximum colony
size was coded using five categories: 0-50, 50-100, 100-200, 200-400, and
400-2,000 cm. Colony height, interstitial space size, and surface-area-to-vol-
ume ratio were assigned to species based on their morphological types and a
simplified model of coral geometry from 1 to 5.°°

We characterized fish species using six functional traits linked to diet and
feeding behavior®: (1) maximum size, (2) diet, (3) mobility, (4) position over the
reef, (5) activity, and (6) gregariousness. Fish size was coded using six ordered
categories: 0-7, 7.1-15, 15.1-30, 30.1-50, 50.1-80, and >80 cm. Mobility was
coded using three ordered categories: sedentary (including territorial species),

¢? CellPress

mobile within a reef, and mobile between reefs. The activity period was coded
using three ordered types: diurnal, both diurnal and nocturnal, and nocturnal.
Schooling was coded using five ordered categories: solitary, pairing, or living
in small (3-20 individuals), medium (20-50 individuals), or large (>50 individuals)
groups. Vertical position in the water column was coded using three ordered cat-
egories: benthic, benthopelagic, and pelagic. Diet was characterized based on
main items consumed by each species, which resulted in seven trophic cate-
gories: herbivorous—detritivorous (i.e., fish feeding on turf or filamentous algae
and/or undefined organic material); macroalgal herbivorous (feeding on large fle-
shy algae and/or seagrass); invertivorous targeting sessile invertebrates (feeding
on corals, sponges, and ascidians); invertivorous targeting mobile invertebrate
(feeding on benthic species such as crustaceans); planktivorous (feeding on
small organisms in the water column); piscivorous (feeding on fish and cephalo-
pods); and omnivorous (fish for which both vegetal and animal material are
important in their diet).

Pairwise functional distances between species were computed using the
Gower distance, allowing mixing different variables while giving them equal
weight.®* A principal-coordinates analysis was then performed using this func-
tional distance matrix, and the first four principal axes were retained to build a
multidimensional functional space.®>%°

We estimated functional richness for each scleractinian coral and fish
assemblage independently in each coral reef pixel as the volume inside the
convex hull occupied by species of the assemblage. Functional richness
was computed using the presence/absence data only. It represents the
breadth of trait ranges in the community and can be considered a proxy for
the diversity of roles, and is linked to community assembly and ecosystem
processes.*®
Simulating coral functional and phylogenetic diversity and coral
convexity in source and convergent areas
We measured the functional and phylogenetic diversity from the global pool of
scleractinian coral species (367 species).

Coral mean convexity and standard deviation for each coral growth form
were extracted from Zawada et al.°® (Table S3). Briefly, coral convexity is a
continuous morphological trait that captures volume compactness and
amount of space within a colony, reflecting a continuous gradient from branch-
ing to massive colony shapes as convexity increases. Therefore, convexity can
simultaneously explore how coral morphology affects reef ecology across
multiple coral species and growth forms. The convexity of the pool of coral
species was computed as the weighted average of coral convexity.

The extinction of scleractinian coral species was simulated by removing
them from the global pool and calculating the diversity index and global con-
vexity of the remaining collection of species. The order of the simulated extinc-
tions varied between source and convergence areas since traits will not be
selected the same way (Table S4). For the source category, the most vulner-
able species to increase temperature were extirpated first, followed by a
generalist, weedy, and, last, stress-tolerant species.‘® We assumed the oppo-
site scenario in convergence areas, in which competitive species will have a
potentially higher capacity to colonize than stress-tolerant species.“® Sensi-
tivity to increase temperature was missing for 95 species. We fitted a random
forest to predict sensitivity class to increase temperature (independent vari-
able) for the missing species with (1) growth rate, (2) skeletal density, (3) cor-
allite width, (4) maximum colony size, (5) colony height, (6) interstitial space
size, and (7) surface-area-to-volume ratio and (8) growth form as the indepen-
dent variables.

We fitted the model on 90% of the dataset and tested the model with the re-
maining 10%. The model accuracy was 82%. We then predicted the species
sensitivity to increase the temperature for the 95 species for which we did not
have sufficient information.

To evaluate whether the diversity and global convexity changes for each
scenario were significantly different from random, we constructed 999 random
scenarios in which species were removed randomly from the global pool. We
used the mean and 95% prediction interval for graphical representation.

These calculations were carried out using R version 4.0.2 software (R Devel-
opment Core Team 2020) and the packages Picante, Ape, randomForest,
and FD.

Country subsistence index
Fisheries within each country in the WIO were classified based on the TS index,
representing the percentage of true subsistence fishers that rely on catch only
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for food. True subsistence fishers do not sell any portion of their catch, making
their level of dependence on a healthy ocean the highest as they do not
generate money from this activity.” Countries were classified based on the
level of true subsistence (Table S5): high >80%; medium >50% and <80%;
low >10% and <50%; and very low <10%. The TS level in Somalia is unknown
(NA) due to high levels of uncertainty in catch data.”

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2022.10.012.
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