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Coral conservation in a warming world must 
harness evolutionary adaptation
To facilitate evolutionary adaptation to climate change, we must protect networks of coral reefs that span a range 
of environmental conditions — not just apparent ‘refugia’.
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Evolution plays a crucial role in 
determining how populations 
respond to climatic changes1–3, and 

evidence is growing that evolutionary 
adaptation to contemporary warming can 
occur when sufficient genetic variation for 
climate-related traits is present4. In fact, 
evolutionary adaptation will be essential for 
the persistence of many species that inhabit 
narrow geographic ranges and/or habitat 
zones, such as reef-building corals.

We can develop conservation strategies 
that promote evolutionary adaptation  
by understanding the ecological 
mechanisms that underpin it. The 
pathways by which adaptation occurs 
in any population depend on existing 
environmental mosaics, dispersal, 
additive genetic variation5 and the pace 
of environmental change6–8. In most 
species, evolutionary adaptation that keeps 
pace with climate change needs to act 
on existing genetic variation — through 
changes in the relative frequency of  
alleles and their associated phenotypes 
already present in the population7,8. 
We argue that carefully considered 
conservation policy and implementation 
can enhance, suppress or modify the 
genetic and phenotypic diversity required 
for successful adaptation.

Despite the increasing appreciation 
of evolutionary capacity, contemporary 
conservation strategies may fail to protect 
the diversity required to facilitate adaptation. 
We suggest that this is particularly true of 
conservation planning that prioritizes the 
protection of refugia — locations where 
the climate is predicted to be more stable 
over time9. Such planning has been applied 
to terrestrial10, freshwater11 and marine 
systems12. However, a narrow focus on 
refugia may fail to address other threats to 
biodiversity13 and may not protect a key 
source of adaptive capacity: individuals in 
more stressful locations that may be better 
adapted to future conditions. Furthermore, 

the identification of refugia involves 
substantial uncertainty, which makes such 
approaches risky to implement  
and evaluate14.

Corals occupy wide ranges of 
environmental conditions and exhibit high 
levels of local genetic diversity and genetic 
variation in heat resistance15. As a result, 
corals have been highlighted as a potential 
target for management and interventions 
to increase climate resilience16. Thermal 
tolerance is closely linked to environmental 
conditions, with corals in warmer waters 
displaying higher thermal tolerance than 
those in cooler areas17. This means that 
adaptation in different environments will 
likely follow different pathways. In cooler 
environments, coral adaptation will rely 
heavily on genetic connectivity to warmer 

areas, whereas corals in warmer areas will 
adapt primarily by local selection6,18,19. 
Furthermore, strong selective pressure 
in warmer areas may drive more rapid 
evolutionary responses8. Understanding 
these pathways helps to elucidate the 
conservation strategies and policies at 
multiple scales that can facilitate successful 
evolutionary adaptation.

While understanding of — and 
evidence for — rapid adaptation has 
grown, implementation of evolutionarily 
enlightened management2 has lagged.  
Here, we describe actions at three spatial 
scales — local, regional and global —  
that, when conducted together, harness 
existing eco-evolutionary processes to help 
coral reefs adapt to the effects of climate 
change (Fig. 1).
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Fig. 1 | Goals and actions for evolutionarily informed coral conservation. Recommended goals and 
actions for management and policy at local, regional and global scales to enhance the eco-evolutionary 
processes and genetic and phenotypic diversity required for successful adaptation of corals to climate 
change. Local image credit: Travel Pix/Alamy; regional image credit: NASA/World History Archive and 
ARPL/Alamy; global image credit: Stocktrek Images, Inc./Alamy.
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Conservation actions at local scales
Local stressors to coral reefs include 
water pollution, habitat destruction and 
overfishing, which increase coral mortality, 
impede sexual reproduction and exacerbate 
the adverse effects of marine heatwaves20. 
Local management actions, such as marine 
protected areas to control fishing rates and 
land-based efforts to reduce wastewater 
and run-off, can improve reef health and 
resilience, and can support coral adaptation 
and persistence20. However, there is rising 
concern that reducing local stressors alone 
will be insufficient to avert the rapid decline 
of coral reefs, owing to the overwhelming 
effects of climate change21. Consequently, 
more proactive interventions to augment 
existing populations are gaining popularity. 
Examples include supplementing coral 
populations by outplanting corals or seeding 
reefs with larvae22 and engineering or 
selectively breeding heat-tolerant corals23. 
In order to be successful, these proactive 
interventions need to occur in places where 
the local causes of reef decline have been 
controlled, and where coral population size 
and diversity are maintained. Furthermore, 
proactive interventions may provide 
only localized benefits and make limited 
contributions to evolutionary adaptation24.

Understanding eco-evolutionary 
processes at regional scales can help identify 
which local-scale interventions are most 
likely to promote adaptation. To facilitate 
local adaptation and ensure that warm 
and cool reefs contribute to regional-scale 
adaptation, local management activities 
should focus on keeping corals alive and 
reproducing across all thermal regimes  
(Fig. 1)20. For reefs in warmer waters, actions 
should focus on assisting natural selection 
and promoting gene flow by protecting 
population size and reproductive output 

through management of local stressors  
(Fig. 2). Conservation actions in cooler areas 
should focus on ensuring that conditions 
support coral larval recruitment, settlement 
and growth. For example, improving 
water quality and maintaining herbivore 
biomass can reduce excessive algal growth 
that inhibits larval settlement25. Proactive 
interventions could focus on outplanting 
more heat tolerant corals in cooler locations 
or assisting migration of corals from warmer 
to cooler areas. These proactive efforts are 
most likely to be successful in areas where 
local stressors have been reduced and if scale 
and cost challenges can be overcome22,24. 
Augmenting populations in warmer 
locations is unlikely to be effective unless the 
new individuals are tolerant of even more 
extreme temperatures24.

Proactive interventions should be 
evaluated for their risks and benefits. For 
example, coral transplantation over long 
distances increases the danger of introducing 
exogenous microbes, viruses, algae and 
invertebrates that could have negative effects 
as invasive species. Genetically engineering 
or selectively breeding more heat-tolerant 
corals may incur negative trade-offs 
in growth and disease susceptibility, 
and a reduction in genetic diversity15. 
Furthermore, proactive interventions 
face significant scaling issues22,24 and are 
currently prohibitively expensive at scale22. 
Finally, because proactive interventions 
will only be successful if local stressors 
are reduced, they should be seen as a 
supplement to local management actions 
rather than a replacement for them.

Regional planning for evolutionary 
adaptation
At regional scales, genetic variation and 
gene flow are the main determinants of 

contemporary evolutionary capacity. Genetic 
variation is often linked to environmental 
heterogeneity17–19,26, such that corals 
inhabiting different temperature regimes 
display different thermal tolerances17. Gene 
flow among habitats is largely driven by 
larval dispersal, which in turn is governed 
by dynamic oceanographic features and the 
spatial mosaic of environmental conditions. 
While these conditions are beyond the 
control of conservation interventions, some 
conservation actions — such as the selection 
of sites for protection and for proactive 
interventions such as assisted migration 
— can act to strengthen or weaken both 
genetic variation and gene flow. Regional 
conservation strategies, therefore, can 
be designed to promote adaptation by 
protecting genetic diversity and facilitating 
connectivity (Figs. 1, 2).

Eco-evolutionary processes act across 
networks of interconnected reefs that 
span a range of environmental conditions. 
Within warmer areas, corals have adapted 
primarily by local natural selection, and 
these sites often already contain larger 
numbers of heat-resistant corals15,17,26. 
Corals on warm reefs can therefore play a 
central role in regional-scale adaptation by 
seeding connected reefs with heat-tolerant 
larvae (Fig. 1)27,28. For corals in cooler 
areas, where there are likely to be fewer 
heat-tolerant colonies15, models have 
shown that adaptation will rely heavily on 
an influx of heat-tolerant larvae. Indeed, 
cooler areas that receive larvae from warmer 
areas have been shown to be more likely to 
persist through time27,28, resist bleaching19,28 
and have higher coral cover18 (Fig. 1). 
In contrast, there is some evidence that 
dispersal from cool to warm reefs may lead 
to maladaptive gene swamping, though the 
demographic benefits of larval input from 
any reef environment are likely to outweigh 
any negative impacts27,29. Finally, areas 
with intermediate temperatures may act as 
stepping stones for adaptive alleles produced 
in warm areas of a network (Fig. 2)29.

While many conservation strategies 
focus on picking climate change winners in 
terms of habitats, sites, species, phenotypes 
or genotypes, such approaches can be 
detrimental to long-term persistence 
because they reduce the diversity required 
for adaptive responses13,27,30. For example, 
a strategy that is gaining popularity in 
conservation is to identify and protect 
potential refugia9–12. However, we argue 
that protecting diverse portfolios of 
habitats and populations is necessary to 
support long-term species persistence 
and community stability, and that these 
approaches reduce the risk of catastrophic 
population collapse14. Recent research also 
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Fig. 2 | Managing across thermal gradients to facilitate evolutionary adaptation. Characteristics of 
hotter and colder reefs. Arrows indicate demographic rescue and gene flow.
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shows that portfolio-based approaches more 
effectively facilitate evolutionary adaptation 
than refugia-based strategies27,30. One of the 
main reasons that refugia-based strategies 
underperform in eco-evolutionary models 
is that they fail to protect warmer water 
reefs, which contain more thermally tolerant 
corals1,18. Reefs in these warmer areas 
distribute heat-tolerant larvae to other sites, 
facilitating adaptation6,28.

Policies guiding conservation planning 
at regional scales should explicitly focus 
on protecting a diversity of environmental 
conditions. The growing movement to 
protect 30% of our lands and oceans by 
2030 provides an opportunity to expand 
existing protections in ways that maximize 
evolutionary adaptive capacity, but only  
if this goal is deliberately pursued.  
For coral reefs, this could be accomplished  
by designing marine protected area 
networks to achieve representation and 
replication goals for both habitats and 
thermal diversity, and by situating local 
efforts in close enough proximity to allow 
effective larval exchange.

Global emissions control
Even with optimistic assumptions about 
adaptive capacity, models show that corals 
struggle to cope under future climates 
at higher emissions scenarios1,27. In fact, 
under a high emissions scenario, coral 
cover is predicted to decline to zero before 
the end of this century1,27,30. However, the 
difference in outcomes between high and 
medium emissions scenarios is noteworthy. 
With a more aggressive strategy to reduce 
emissions, declines in coral cover can be 
reversed over time through evolutionary 
adaptation, suggesting that if humanity takes 
rapid and effective action to address climate 
change, coral reef ecosystems may recover 
on decadal or centennial timeframes and 
thrive in the future1,27.

For coral reefs — and all other 
ecosystems — global action to combat 
climate change is essential. It is not too 
late for coral reefs and other ecosystems 
if we take swift and effective global 
action in tandem with strategic local and 
regional-scale management actions that 
harness evolutionary adaptive capacity. ❐
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