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Quantifying global potential for coral evolutionary
response to climate change
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Incorporating species' ability to adaptively respond to climate change is critical for robustly predicting persistence. One such
example could be the adaptive role of algal symbionts in setting coral thermal tolerance under global warming and ocean
acidification. Using a global ecological and evolutionary model of competing branching and mounding coral morphotypes, we
show symbiont shuffling (towards taxa with increased heat tolerance) was more effective than symbiont evolution in delaying
coral-cover declines, but stronger warming rates (high emissions scenarios) outpace the ability of these adaptive processes
and limit coral persistence. Acidification has a small impact on reef degradation rates relative to warming. Global patterns in
coral reef vulnerability to climate are sensitive to the interaction of warming rate and adaptive capacity and cannot be pre-
dicted by either factor alone. Overall, our results show how models of spatially resolved adaptive mechanisms can inform

conservation decisions.

worldwide' and accelerating the rate of species extinctions™”.

Range shifts and rapid adaptation can circumvent this risk?,
but sessile species with low adaptive capacity are among those most
threatened®. Incorporating adaptive capacity (for example, due to
genetics or acclimatization) into models of population size and geo-
graphic distribution can better predict climate change effects on
species survival and ecosystem function®*’.

Mechanistic predictions of adaptive capacity at a global scale
can indicate where adaptation most affects future predictions*.
Accounting for adaptive capacity might then shift expectations
about overall vulnerability and where climate impacts might be
greatest™”, which can inform conservation priorities'’. For example,
locations projected to experience greater future climate variability
and extremes might be expected to also experience the greatest
impacts. Yet species in these same locations might undergo selec-
tion for higher heat tolerance and therefore have greater adaptive
capacity to warming. Given these contrasting possibilities, account-
ing for both evolutionary dynamics and climate stress can inform
which locations might require more protection™'.

Coral reefs provide a model system for exploring interactions
between adaptive capacity and vulnerability to climate stress.
Corals are economically and ecologically important foundational
species that have already experienced climate-driven losses'™
Under moderate emissions scenarios, global models suggest cor-
als will experience bleaching more frequently than anticipated
recovery rates by mid-century*-*, although few have explicitly
considered adaptive capacity (but see refs. '°*°). Another challenge
for predicting coral vulnerability is understanding the potential
interactive effects of temperature with ocean acidification (OA),
which can impede coral skeletal growth'*. Coral growth and ther-
mal tolerance are greatly affected by endosymbiotic photosyn-
thetic microalgae’’, and symbiont-mediated adaptive capacity
may enable corals to rapidly respond to warming. With large pop-
ulation sizes, high genetic diversity and short generation times,

!! nthropogenic climate change is affecting marine ecosystems

symbionts have high adaptive potential>~*, and shuffling towards
more heat-tolerant taxa has been shown to increase bleaching
thresholds by up to 1.5 °C over ecological timescales***°. Modelling
the extent to which natural adaptive processes can increase heat
tolerance is critical for making conservation decisions, especially
as potentially risky human interventions are considered (for exam-
ple, assisted migration)*”*.

In this article, we quantitatively assess the effect of
symbiont-mediated adaptive capacity using a global ecological
and evolutionary model capable of simulating coral responses to
warming and OA. Our model (Extended Data Fig. 1) includes two
ecologically realistic coral morphotypes® that compete for space:
(1) a competitive, faster-growing, heat-sensitive branching coral
relative to a (2) slower-growing, heat-tolerant mounding coral. We
assume coral growth and thermal tolerance are emergent proper-
ties of symbiont population size and thermal characteristics®.
Symbiont genotypes determine thermal optima, while the coral
host determines sensitivity to temperature departures from that
optimum, with initial symbiont genotypes matched to local ther-
mal history. We simulate symbiont-mediated adaptive capacity in
both coral morphotypes through (1) natural selection of symbiont
populations (evolution”**) and (2) shifts between heat-sensitive
and heat-tolerant symbiont communities (‘shuffling’**°). Evolution
is simulated using a quantitative genetic model, which results in
thermal tolerance increases of 0.3-1.8°C depending on climate
scenario and reef location. Shuffling is simulated by addition of a
heat-tolerant symbiont population with a thermal growth optimum
+0.5, 1 or 1.5°C above that of a heat-sensitive symbiont popula-
tion’® that becomes competitively superior under warming. We
also estimate potential effects of OA on coral growth on the basis
of changes in aragonite saturation®. To characterize regions where
adaptive capacity most alters expectations about relative climate
impacts, we apply the model to projected monthly sea surface tem-
peratures (SSTs) in 1,925 reef cells for four representative concen-
tration pathways (RCP 2.6, 4.5, 6.0 and 8.5) through 2100.
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Fig. 1| Percentage of ‘healthy’ reef cells globally in three RCP emissions scenarios from 1950 to 2100. Model trajectories are shown with no adaptation
(black), symbiont shuffling with a +1°C advantage (red), symbiont evolution (blue), and combined shuffling and evolution (purple). A reef is considered
healthy if it is not in a bleached or mortality state (Methods). Background colour represents the average increase in annual maximum temperatures
relative to the historical average from 1860 to 2000 across all reef grid cells. a, RCP 2.6. b, RCP 4.5. ¢, RCP 8.5.

Table 1| Global coral health metrics at 2100 in simulations with and without adaptive capacity

No adaptive capacity Symbiont shuffling (+1°C)

Symbiont evolution Shuffling (+1°C) and evolution

RCP % % % % % % % % % % % %
Cover Healthy Branching Cover Healthy Branching Cover  Healthy Branching Cover Healthy Branching
2.6 37 57 2 65 85 56 81 84 61 72 96 71
45 3 5 0 28 65 20 41 71 18 65 94 62
6.0 1 1 0 5 21 1 7 21 0 58 90 57
85 1 0 0 1 0 0 1 0 0 10 23 13

For each simulation and RCP, relative coral extent (‘% Cover') reported as percentage of a pre-warming fixed carrying capacity in each reef cell, percentage of reef cells not bleached or dead (‘% Healthy")
and percentage of reef cells where branching (heat-sensitive) corals (‘% Branching’) are the dominant coral morphotype are reported.

The global model supported coexistence of mounding and
branching coral populations at steady state between 1861 and 1950,
before major anthropogenic warming, given our parameterization
for interspecific competition. In simulations where the anthropo-
genic signal was removed, both morphotypes coexisted through
2300, regardless of starting proportions (Extended Data Fig. 2).
At steady state, branching corals made up ~90% of total carrying
capacity and mounding corals filled ~1%. To quantify changes in
coral cover in simulations with and without adaptive capacity, we
examined how relative coral extent varies through time. Relative
coral extent is defined here as the percentage of a fixed pre-warming
carrying capacity made up by both coral morphotypes in each reef
cell and averaged across all cells (weighted equally). Actual avail-
able coral habitat varies widely by reef, so relative extent does not
directly correlate with geographic extent.

In baseline model runs (no adaptive capacity), relative coral
extent was <3% by 2100 under all climate scenarios except RCP
2.6 (37%) (Table 1). In these RCPs, most reef cells either had expe-
rienced >2 bleaching events in the previous decade or were dead
(such reef cells are hereafter referred to as ‘degraded’; Methods),
reaching degradation rates >95% by 2100 (Fig. 1 and Extended Data
Fig. 3, black lines). We define bleaching as a decrease in symbiont
density below 30% of the minimum symbiont population size in
the previous year (Extended Data Fig. 4). Although end-of-century
degradation rates were lower in RCP 2.6 (43%), 98% of reef cells
were composed of only mounding corals, following a shift from
branching to mounding communities in the 2040s across all RCPs
(Fig. 2, top row). Sensitivity analyses show that coral persistence
is enhanced if the model is calibrated to a lower 1985-2010 global
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bleaching frequency but that relative differences among adaptive
mechanisms remain the same (Extended Data Fig. 5).

Effects of symbiont-mediated adaptive capacity

Symbiont shuffling leading to higher thermal tolerance (41 °C) sub-
stantially delayed or prevented widespread mortality by 2100, with
the largest differences in RCP 4.5 (Figs. 1 and 2). In RCP 2.6, shuf-
fling averted mid-century population declines and a shift towards
mounding coral communities (Fig. 2). By contrast, shuffling had
little effect in RCP 6.0 and RCP 8.5 by 2100 (Table 1), with rela-
tive coral extent remaining <5%. Shuffling to symbionts with even
higher tolerance (+1.5 °C) increased relative coral extent to 58% for
RCP 6.0 by 2100, but remained <3% for RCP 8.5 (Supplementary
Table 1). Shuffling to symbionts with lower tolerance (40.5°C) had
little effect on relative coral extent at 2100 (<2% for all RCPs except
RCP 2.6) (Supplementary Table 1). Fidelity to heat-tolerant symbi-
onts occurred in both coral morphotypes between 2010 and 2025
in most reef cells (Extended Data Fig. 6). Complete transitions to
heat-tolerant symbiont communities often occurred in under 5-10
years as warming rates increased, although coexistence and rever-
sion to heat-sensitive symbionts is possible in the model (Extended
Data Fig. 7).

Symbiont evolution resulted in thermal tolerance increases
of 0.3-1.8°C depending on climate scenario and reef location
(Extended Data Fig. 8). Evolution delayed degradation most under
RCP 4.5 and RCP 6.0 but had little effect on relative coral extent
under RCP 8.5 (Figs. 1 and 2). Relative coral extent increased most
under RCP 4.5, from 3% to 41% by 2100 (Table 1), and degradation
was delayed by ~50 years (Fig. 1b). By 2100, however, mounding
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Fig. 2 | Relative coral extent with and without symbiont-mediated
adaptive capacity. Mean, quartile and 5th to 95th percentiles across all
reef cells (n=1,925) for branching (heat-sensitive) corals and mounding
(heat-tolerant) corals as a percentage of a fixed pre-warming carrying
capacity averaged across all reef cells. Panels show simulations with no
adaptation (top row), with symbiont shuffling only (+1°C advantage)
(second row), with symbiont evolution only (third row) and with combined
shuffling and evolution (bottom row). Columns correspond to low

(RCP 2.6), moderate (RCP 4.5) and high (RCP 8.5) emissions scenarios.

coral populations became dominant in most reef cells (Fig. 2).
Under RCP 2.6, evolution increased relative coral extent from 37%
to 81% (Table 1), and branching corals remained dominant in most
reef cells by 2100, albeit with large mid-century population declines
(Fig. 2, third row). Compared with shuffling (41 °C), evolution was
less effective in averting decline of coral populations under all RCPs
(Figs. 1 and 2).

In model runs where shuffling (+1°C) and evolution occurred
concurrently, coral persistence dramatically increased in RCP 4.5,
RCP 6.0 and RCP 8.5 (Fig. 1). These simulations show similar
mid-century trends to shuffling only, but evolution continues to
increase thermal tolerance through 2100. Relative coral extent was
>58% by 2100 in all RCPs except RCP 8.5, where it remained 10%
(Table 1). Only simulations where both shuffling (+1.5°C) and evo-
lution co-occur enabled moderate coral persistence by 2100 under
RCP 8.5 (47% relative coral extent) (Supplementary Table 1).

To examine how adaptive capacity altered expectations for
relative vulnerability across locations, we compared the last year
in which reef cells avoided degradation under RCP 4.5 with that
in RCP 8.5 (Fig. 3). In the baseline model, degradation occurred
earliest in the Red Sea, the Persian Gulf and the western equato-
rial Pacific (Fig. 3a,b). Coral persistence was higher in the central
Pacific and near Malaysia and western Indonesia. Shuffling (41 °C)
slowed rates of degradation in the central Pacific and Coral Triangle
under RCP 8.5 (Fig. 3d,b), areas with both lower projected warm-
ing and less SST variability (Extended Data Fig. 9b,j). Under RCP
4.5, shuffling had a stronger global effect compared with baseline,
except in high-latitude areas with higher seasonal variability (for
example, northern Red Sea, East China Sea) and locations projected
to have high interannual maximum SST variability (for example,

southern Caribbean, equatorial Pacific) (Extended Data Fig. 9e,f).
Evolution showed similar geographic patterns as for shuffling under
RCP 4.5. Exceptions include parts of the Caribbean, where evolu-
tion increased persistence only near the Greater Antilles (Fig. 3e)
in relation to relatively lower projected warming (Extended Data
Fig. 9a,b) and SST variability (Extended Data Fig. 9i,j). Under RCP
8.5, evolution had a small effect compared with baseline model runs
(Fig. 3f,b) with no apparent refugia emerging, although global deg-
radation rates were delayed ~5-10 years. In simulations with com-
bined evolution and shuffling (+1°C), most reef cells within the
western and central Pacific survived through 2080 under RCP 4.5
and RCP 8.5 (Fig. 3g,h).

To evaluate environmental predictors of modelled extinction
risk, we compared model vulnerability maps (Fig. 3) with global
maps of warming rate and SST standard deviation (Extended Data
Fig. 9), but none was a consistent indicator of vulnerability across
locations. Correlations were highest between relative coral extent
and future SST variation (all months) in shuffling runs, with R?
ranging from 0.41 to 0.55; all other SST metrics and simulations
had average R* values <0.2 (Supplementary Table 4).

Effects of ocean acidification

In simulations where OA negatively affected coral growth, coral
degradation was greater across all reef cells, but not by more than
5% in any year (Extended Data Fig. 5). This effect was greatest when
warming drove moderate reef mortality. For example, in RCP 8.5,
OA increased the percentage of degraded reefs from 55.7% to 58.6%
by 2050. Before 2020, when many reefs were still healthy, and after
2070, when mortality was high, OA had little effect on growth rate.

Discussion

Our results demonstrate that incorporating species’ ability to adap-
tively respond to climate change is critical for robust, global-scale pre-
dictions of species’ future persistence and extent. Model simulations
without adaptation predicted coral persistence through 2100 only
under RCP 2.6 (Figs. 1 and 2), similar to previous threshold-based
global-scale bleaching models"*-°. Symbiont-mediated adaptive
capacity substantially altered coral population trajectories under low
and moderate warming scenarios but had little effect under RCP 8.5.
Shuffling was generally more effective than evolution in delaying
coral-cover declines and shifts towards mounding coral communi-
ties (Figs. 1 and 2). Under RCP 8.5, the only simulation with >1%
of healthy reef cells by 2100 included both symbiont evolution and
shuffling, resulting in a relative coral extent of 10% (Table 1).

These results expand on previous studies'®'”" to demonstrate
how adaptive mechanisms can increase coral persistence under
low-to-moderate, but not severe, climate change. We found that
when shuffling increased thermal tolerance by +1°C, coral per-
sistence increased more than with evolution alone (Figs.l and 2).
The more-rapid shuffling mechanism has its largest impact
between 2010 and 2040 (Extended Data Fig. 6) whereas evolution
occurs at a slower rate but over a longer duration (Extended Data
Fig. 8). Under RCP 8.5, adaptation delayed complete coral mortal-
ity by less than a decade but did not affect century-scale outcomes.
Symbiont-mediated adaptive processes acting concurrently sub-
stantially prolonged coral survival under RCP 4.5 and RCP 6.0 with
minimal shifts in coral community composition (Fig. 2).

Coral community shifts described here have been reported
in the field following bleaching events® but have not previously
been globally projected. From an ecological perspective, commu-
nity shifts are likely to compromise reef structural complexity and
long-term stability of reef-associated biodiversity’>. We found that
shifts towards mounding coral communities began earlier with evo-
lution than with shuffling (Fig. 2), further demonstrating how these
mechanisms result in different outcomes. Shuffling maximizes ther-
mal tolerance in most reefs by 2040, after which time both coral
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Fig. 3 | Maps depicting the last year at which corals are projected to survive before the onset of high-frequency bleaching (>2 events within the
previous decade) or mortality. a-h, Model output is shown with no adaptation (a,b), symbiont shuffling with a +1°C advantage (¢,d), symbiont evolution
(e,f) or both shuffling and evolution (g,h) under moderate (RCP 4.5) (a,c,e,g) and high (RCP 8.5) (b,d,f h) emissions scenarios. Reef cells in the darkest

blue are projected to have some coral cover beyond 2100.

morphotypes exhibit fidelity to heat-tolerant symbionts (Extended
Data Fig. 6), as has been observed in some of the hottest reefs in
the world*”. We also identified scenarios where adaptive capacity
enabled coral communities to shift back to baseline when warm-
ing rates declined (for example, RCP 2.6 with evolution; Fig. 2).
Although this trajectory would be possible only under conditions
not fully considered in our model (adequate recruitment, avail-
able substrate and reduction of local stressors), it suggests adaptive
mechanisms may enable some reefs to retain present-day structure
and function under RCP 2.6.

Previous work has suggested only a minor additional impact of
OA on coral persistence compared with warming', with benefits
of higher-latitude thermal refugia largely offset by relatively lower
aragonite saturation (£2) values'. Our results suggest an even lower
OA sensitivity with an attributable global reduction of coral persis-
tence to OA of <5% (Extended Data Fig. 5). This agreement sug-
gests that effects of OA through £Q-reduced bleaching thresholds
and Q-reduced growth rates are minor compared with warming.
However, modelling including substrate strength effects found
a 70% drop in coral cover with a doubling of atmospheric CO,™.
Thus, OA influences through Q effects on bleaching susceptibility
and substrate strength may play a much more important role than
through reductions in growth rate included in the present study.

Our model identifies regions where adaptation alters expecta-
tions about where climate impacts are highest. In some cases, we
found that relative vulnerability was similar with and without adap-
tation. For example, higher-latitude reef cells with higher seasonal
variability were among the most vulnerable locations regardless of
adaptation under RCP 4.5 (Fig. 3, left panels). Yet in other regions,
relative vulnerability differed when adaptive capacity was included.
In the Coral Triangle, most reefs persisted through 2100 with adap-
tation in RCP 4.5, whereas large portions were among the most vul-
nerable with no adaptation. Geographic patterns of persistence were
somewhat similar between evolution and shuffling, with some key
exceptions. For example, shuffling is projected to increase persis-
tence across the entire Caribbean region under RCP 4.5, whereas
evolution enabled long-term persistence only in reef cells where
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both warming magnitude and SST variation is projected to be rela-
tively lower (Extended Data Fig. 9a,i). Under RCP 8.5 (Fig. 3, right
panels), evolution had little effect, but shuffling enabled reefs in the
central South Pacific and central Coral Triangle to persist 20-25
years in relation to relatively less projected warming and SST vari-
ability (Extended Data Fig. 9b,j).

Given the threat to coral reefs even with <1.5°C of global warm-
ing®, research is increasingly focusing on identifying conservation
priorities. Overall, the results highlight that such research, typically
based on current reef status and response to past disturbances®,
should include relative future warming and adaptive potential. For
example, Walsworth et al."! found that optimal management strate-
gies focus on coral thermal refugia in models without adaptation, but
prioritizing trait and habitat diversity or high cover is more effective
in models with adaptation. We also show that geographic patterns in
model results depend on adaptive mechanism modelled (Fig. 3), and
areas predicted to be more vulnerable on the basis of change in SST
or SST variation alone did not always predict vulnerability (Extended
Data Fig. 9). Other adaptive mechanisms not simulated here may pro-
duce different geographic patterns of persistence and vulnerability.

Like all models, our simplistic representation of coral reef ecol-
ogy and evolution introduces several uncertainties and biases that
might affect our results. Abiotic and biotic factors not included here,
including light, sea-level rise, storm damage, pollution, overfishing,
herbivory, coral disease and competition for space with other organ-
isms, might lead us to overestimate coral persistence and recovery”.
Factors that might lead us to underestimate likelihood of persistence
include other mechanisms of adaptation® (for example, coral-host
adaptation/acclimatization or epigenetics) and gene flow'”'**. In
addition, while coarse resolution SSTs can capture average bleach-
ing incidence across locations®, bleaching incidence will further
depend on local-scale factors such as high-frequency temperature
variation and depth, which are potential mitigators of bleaching®'.
Climate-model downscaling would be needed to inform local-scale
management decisions. Furthermore, models with different climate
sensitivity* and climate variability (for example, El Nino/Southern
Oscillation) may give quantitatively different results. In addition,
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uncertain model parameters could lead to over- or underestimation
of coral persistence. Selectional variance (symbiont thermal toler-
ance breadth) was the most sensitive parameter in a sensitivity anal-
ysis completed on a regional version of this model”. In our study,
selectional variance was calibrated to reef cell thermal history and
historical global bleaching frequencies. Future studies could include
revised estimates of past bleaching events.

Our model also highlights research avenues that could improve
our understanding of symbiont-mediated adaptive processes. First,
the prevalence of shuffling across coral taxa in wild populations
remains unclear. Although multiple symbiont types have been
detected at low abundance in most coral taxa examined”, not all
corals have the flexibility to shuffle’***. Second, the degree to
which symbiont thermal tolerance can evolve and confer coral-host
tolerance in the wild is unknown. Heat-evolved Symbiodiniaceae
lab strains have shown increased growth at temperatures 1-4°C
above ambient temperatures after 40-120 generations, but these
gains did not always increase coral heat tolerance**". Finally, more
empirical measurements of time-dependent thermal performance
curves* for both coral and symbiont growth would improve our
ability to model population growth dynamics.

Due to recent increases in mass bleaching events worldwide'?,
the management community is evaluating human interventions
that may increase the persistence of coral reefs”*. If the 2015
Paris Agreement upper goal of limiting warming to less than 2°C
is reached, this would align most closely with RCP 2.6. Under this
scenario, symbiont-mediated increases in thermal tolerance might
enable corals to survive through 2100 without drastic shifts in coral
community composition. Under RCP 4.5, evolution and shuffling
could improve projections of coral cover and degradation rates.
However, under RCP 6.0 and 8.5, coral-dominated communities
as we know them today are expected to essentially disappear. As
managers and decision makers consider human interventions to
increase thermal tolerance or decrease local thermal stress”, assess-
ing existing potential natural adaptive capacity using mechanistic
models could help inform decisions?.
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Methods

We scaled and modified a coral-symbiont eco-evolutionary model originally
described in ref. " to the global level. Here we provide a description of the model
(Extended Data Fig. 1) and modifications made to globalize the model and
incorporate potential effects of ocean acidification.

Coral population dynamics and parameters. The model follows area cover

for two coral morphotypes, a heat-tolerant slow-growing mounding type (Cy;)
and a heat-sensitive fast-growing branching type (C;) (Extended Data Fig. 1

and equations (1-6)). These traits are generally based on those associated with
common mounding and branching morphotypes, respectively”. Coral thermal
tolerance depends on symbiont populations whose genotypes determine the
thermal optimum (Symbiont population dynamics and parameters). Corals
compete for space in a closed system using Lotka—Volterra dynamics with a
competition factor a,,, (the competitive effect of coral n on coral m) and a fixed
carrying capacity (Kc,) that varies by coral type m (M or B). Branching corals

are more competitive than mounding corals as in ref. . Carrying capacity was
determined on the basis of area occupied by each morphotype (to report coral
cover in cm?) and multiplied by a conversion constant from projected area to total
surface area’’. Coral growth rates decline linearly with increasing coral density to
represent coral density dependence. Growth rates increase linearly with symbiont
density (S;,, relative to symbiont carrying capacity per unit of coral density K, )
to represent corals’ dependence on symbionts for carbon®>?, up to a coral-specific
maximum growth rate of y,, based on ref. **. The model assumes that symbiont
density is within a range such that increases in symbiont densities lead to increased
coral carbon acquisition and growth*>**. Coral basal mortality rates are fixed (u)
in the absence of symbionts with parameters based on refs. *-*° and decrease as
symbiont density increases. Mortality rates exceed growth rates when symbiont
density is ~0.5 X 10°cellscm™ (a density where bleaching has been observed in the
field*””) and are represented in the model by u,,, the influence of symbiont density
on coral mortality. In simulations with ocean acidification, we multiply coral
growth by the coral calcification rate f (see Ocean acidification below).

All coral parameters (Kc,, Qmns ¥y My U,,) Vary by coral type m, with branching
corals (Cy) having a higher fixed carrying capacity (K¢, ), a greater competitive
ability (@my), a faster growth rate (y,,), higher basal mortality in the absence of
symbionts (u,,) and a lower value for the influence of symbionts on mortality (,,)
(Supplementary Table 2 and references therein). Coral population dynamics are:

S
dCp Froee "

-, = Cm —_— (KC,,, - amncn> -0 . (1)
Ca B ol DA A e 1

Symbiont population dynamics and parameters. We follow symbiont population
size S, as the number of cells of symbiont type i in coral type m (cellscm™ of
coral) (Extended Data Fig. 1 and equation (2)). Density dependence regulates
symbiont density in each coral. Total symbiont carrying capacity per unit area,
Ks,, is proportional to C,, the three-dimensional coral surface area and based on
peak values for symbiont densities described in ref. *”. Symbiont carrying capacity
is independent of genotype and scaled by the maximum symbiont population
growth rate 7(¢) such that the symbiont type with the greater population growth
rate, r;(t), is competitively superior. In other words, because we scale competition
between symbiont types by growth rate, relative growth for a given temperature
determines the competitive outcome. The temperature-dependent maximum
symbiont population growth rate function, #(t) = ae?®("), is based on the Eppley
equation, where 4 and b are constants found for phytoplankton and e is Euler’s
number”®”. Symbiont population dynamics, S, of symbiont type i or j in coral
type m are:

dsim Sim ~
= rim(DKs, Cn = #(1) > Sim | » @)
J

dt KS,,, Cm

where 3™ §;,,, sums the cells for all symbiont types in coral type m. Symbiont
J

populations grow on the basis of the difference between their thermal tolerance
phenotype and the temperature 6(t) (which varies with time ) according to

a temperature-dependent exponential growth rate equation derived from
phytoplankton®® given parameters a and b. Parameter a was set such that the
maximum symbiont growth rate is similar to the value reported”, and b is from ref.
%, The width of this thermal tolerance function, thermal tolerance breadth 2,
depends on coral type m and is inversely related to selection strength in simulations
with evolution. Thermal tolerance breadth varies by coral host to allow greater
thermal tolerance (slower drop-off in growth with temperature departures from
the symbiont-genotype-determined optimum) in mounding versus branching
coral morphotypes (for example, due to coral morphology or physiology) through
differential susceptibility of each coral’s symbionts to thermal stress. Symbiont
populations have thermal tolerance phenotypes (temperature at peak performance)
normally distributed around mean genotype g, with environmental variance o?
(described in the following). Thermal tolerance genotypes also follow a normal

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

distribution with mean g, (t)and variance ”;;-m (1), both of which are constant
in simulations without evolution and vary in time for evolution model runs. The
overall population growth rate r;, (¢) for symbiont population i in coral host m is:

: 24 [min(Lg, — 2
rim(t) = {1 _ Ug,m(t)+6e+[ 2,,2(1 G (D—0(D)] } y

wm

(3)

aeb[a(r)fzxmn(o,e(z) 7gm(t)+L)]'

Following this equation, symbiont growth rate (r;,(t)) decreases at
temperatures higher or lower than the optimum, with steeper declines occurring
at temperatures above the optimum for growth rate. This modified version of the
equation from ref. ** includes a minimum function so that a rapid drop in symbiont
growth rate applies only when temperatures are higher than symbionts’ adapted
genotype, thus avoiding unrealistic cold-water mortality events before the onset
of 20th-century warming. The minimum function varies with thermal tolerance
breadth where L = |/2.602,,. Negative population growth rates indicate that
mortality rate exceeds reproduction rate and can disrupt symbiosis and lead to
bleaching. Symbiont populations have an initial mean thermal tolerance phenotype
and genotype g, (0) equal to mean historical SST in each reef grid cell between
1861 and 2000. Thermal tolerance breadth 62, is proportional to variance in
historical monthly SST between January 1861 and December 2001 and assumes
that corals living in more-variable thermal environments have greater capacity to
withstand larger thermal fluctuations.

Symbiont genetic dynamics. In evolution simulations, we model symbiont
thermal tolerance as a haploid quantitative genetic trait using a continuous time
approach. The ‘thermal tolerance phenotype’ (described in the preceding) is the
temperature to which a single symbiont population is adapted in each of the two
coral morphotypes and on the basis of its mean population genotype. For each
symbiont population i in coral m, the population genotype is modelled as a normal
distribution with a mean genotype g, and, for models with evolution, genetic
variance of 6%, (Extended Data Fig. 1 and equations (4) and (5)). The phenotype
varies around the genotype with random environmental variance 62 (fraction
of variation not due to heritability). Heritability (h*) of thermal tolerance was
estimated to be 0.330, an estimate for typical physiological traits®. Heritability
estimates of coral thermal tolerance driven by symbionts have been found to range
between 0.23 and 0.5, Environmental variance 6> was calculated as the fraction
of total phenotypic variation (c3) not explained by k2, such that 62=(1-h?) X (c3).
The mean genotype dynamics are:

Bin _

U;im (t) [6 (t) _gim(t)} bo(1)

== " 7 "—ae . (4)
dt 62,

Within a population, genetic diversity can increase through new mutations and
decrease through selection. In the model, mutation increases genetic variation at
a constant rate of ¢3;. Mutational variance is calculated as o3;= 62X 0.001 yr' as
in ref. " and on the basis of reported values for the ratio o3;/62 as 0.0001-0.05 per
generation for a variety of model organisms®' and on the approximate symbiont
generation time of 0.2 years’'. The model assumes that stabilizing selection occurs
for the optimal phenotype and is represented by selectional variance (o2,,),
or thermal tolerance breadth, which is inversely related to selection strength.
Selectional variance is proportional to the width of the symbiont population
growth rate (fitness) function. The genetic variance dynamics are:

2 4
dogirs 5 O () oy 5
a CMT T e ®)
wm

Values for all symbiont parameters (Ks,, a, b, 62, 63, 62,,) are based on ref.
and references therein (Supplementary Table 2).

Finally, we set the selectional variance (62, ; width of the fitness function
or thermal tolerance breadth) to be proportional to the historical mean and
variance in each reef cell using a proportionality constant, p. In the absence of
precise global bleaching records available to ‘tune’ the model to each individual
reef cell’s bleaching history, we applied a heuristic approach at the global scale
to define p. Similar to our previous study', we modified p to result in a global
bleaching frequency of 3 or 5% between 1985 and 2010 (x% of the reef cells
bleach, on average, in a given year). The accurate global bleaching frequency
during this time frame is not knowable, but these bleaching frequencies are
within the range of realistic possibilities on the basis of extrapolation from a
high-resolution global bleaching database® and fall within the range of annual
severe bleaching occurrences across 100 regions between 1985 and 2010 (ref. '?).
The proportionality constant (p) was defined for each reef cell on the basis of the
ratio between the historical (1861-2000) mean and variance of the exponential
term of Eppley’s equation® (e"***T) to capture physiological effects of temperature
variability across time and space:
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Empirical values s and y remain constant across all reefs for any given RCP,
but s varies with each adaptation simulation (for example, baseline, shuffling
and evolution) to tune the global bleaching frequency to the historical bleaching
target (Supplementary Table 3). The proportionality constant assumes a greater
physiological effect of temperature variability at high than low temperatures, with
the physiological effects of temperature variability depending on the kinetics of
activation energy which, for many organic reactions, follow the Eppley exponential
curve™. We then constrain the proportionality constant to between 0.5 and 1.50
to best match the targeted global bleaching frequency between 1985 and 2010.
To determine selectional variance (52,,), or thermal tolerance breadth, the
proportionality constant is then multiplied by the historical temperature variance
in each cell. For mounding corals, 62, is then increased by 25%, which provides a
wider thermal tolerance range compared with branching (heat-sensitive) corals.

Symbiont shuffling. To simulate symbiont shuffling as a result of symbiont
diversity, simulations begin with two symbiont populations in each coral type
(evolution-only simulations include only one symbiont population). The additional
population begins as a low-abundance heat-tolerant symbiont type (for example,
genus Durusdinium). Heat-tolerant symbionts have an initial thermal optimum
(8,,,) of +0.5, 1, or 1.5°C above that of the heat-sensitive symbionts, enabling
them to grow faster as temperature increases. The symbiont population growth
rate (i) is calculated from the mean genotype g, ., so the symbiont growth

rates are different between the two symbiont types, with heat-tolerant symbionts
having a higher maximum growth rate according to the Eppley function. Density
dependence within and between symbiont populations regulates symbiont density
in each coral morphotype at a level proportional to C,, given total symbiont
carrying capacity per unit area Kg,. Density dependence is scaled by the maximum
possible population growth rate 7(t) so that symbionts with the greater population
growth rate r;,(t) under a given temperature at time ¢ are competitively superior.
The model includes also a trade-off for hosting heat-tolerant symbionts, where
corals hosts are penalized with up to a 50% decrease in coral growth rate (similar
to ref. ©*). The growth penalty is proportional to the percentage of heat-tolerant
symbionts in each coral and applied by multiplying the coral growth rate (4,,) by
this weighted value after each time step. If temperature decreases, the heat-sensitive
symbiont type can re-populate the coral, removing both the thermal advantage
and the coral growth penalty. The goal was to simulate symbiont community

shifts due to heat-tolerant symbionts being present in low abundance that could
become dominant after bleaching®. Our model also assumes a trade-off between
growth rate and thermal tolerance such that competition between the symbiont
populations depends on temperature (symbionts with the greater population
growth rate 7;,,(f) are competitively superior). To test the effect of symbiont
evolution in combination with shuffling, we also included model runs with and
without evolution of both symbiont types.

Ocean acidification. To test the effect of OA on coral growth rate, we used a
relationship between 2, and coral calcification rate (f) previously described™,
where a 0.15 slope represents the mean sensitivity of coral calcification to £
across multiple coral taxa:

‘Arag

F(Rarag) =1 —0.15 (4 — Qarag) Where 1 < 240y < 4 (6)

On the basis of equation (6), £2,,, values were calculated for each reef cell
for all four RCPs (National Oceanic and Atmospheric Administration (NOAA)
Geophysical Fluid Dynamics Laboratory Earth system model 2 M (ESM2M)®°).
For Q,,,, values below one, the factor is set to zero, and for values above four,
the factor is set to one. For OA model runs, this function was included in the
equation for the coral growth rate (equation (1)). The value of fis squared because
calcification rate correlates with linear growth rates®, but coral population size is
estimated from total coral surface area calculated in two dimensions.

Model application. The model applies differential equations for coral and
symbiont growth, competition and genetic adaptation of symbionts, which are
integrated forward in time using a second-order Runge-Kutta method in Matlab
(R2019b; MathWorks). We scaled this model to 1,925 reef-containing grid cells,
identified by projecting the Millennium Coral Reef Mapping Project®® map of
coral reefs to the grid used by the NOAA Geophysical Fluid Dynamics Laboratory
ESM2M®. To validate coexistence of the coral morphotypes in the absence of an
anthropogenic warming signal, we executed the model from 1861 to 2300 with no
warming (Extended Data Fig. 2). The model was then executed from 1861 to 2100
using bias-corrected monthly SST output from ESM2M for each of the four RCP
Intergovernmental Panel on Climate Change Fifth Assessment Report warming
scenarios'**, using a time step of 0.125 months. Combining a heuristic model, at
the scale of a coral, with projected climate-model resolution is justified on the basis
of the ability of coarse thermal stress data to predict the likelihood of bleaching’;
this approach has been used in previous coral-modelling studies™*-'*.

Model output analysis (bleaching, mortality and recovery definitions). For the
purposes of visualizing model output for each model year, reef cells are categorized
as being healthy, bleached or frequently bleached (>2 events within the previous

decade), or in a mortality state (Extended Data Fig. 4). However, this heuristic
model implementation is not intended to make absolute predictions of coral
cover, bleaching or mortality for individual reefs. Instead, it is calibrated to give
zero mortality by 1950 and 3% or 5% bleaching per reef cell per year on average
between 1985 and 2010. This approximation to actual conditions allows the model
to represent the effect of alternative climate scenarios and other conditions. For
these purposes, ‘bleaching’ events are defined by comparing the minimum annual
symbiont density in each reef cell with the previous year. By defining bleaching
events, we can compare the results with previous threshold-based models'*'*'*%.
Bleaching events herein are defined when symbiont density decreases below 30%
of the minimum symbiont population size in the previous year on the basis of data
showing that visible severe bleaching can occur even when corals retain between
20% and 50% of their original algal population. This definition was developed to
capture warm-water bleaching events, but cold-water bleaching can occur”'. Reef
cells also enter a bleached state when bleaching occurs >2 times in the previous
decade (similar to ref. V). If either coral type bleaches in a given year, the reef cell
enters a ‘bleached state’ A single reef cell can bleach only once per year.

Following bleaching, a reef cell can remain bleached, transition to a state of
mortality or recover to a healthy state (Extended Data Fig. 4). A mortality state
is defined for a reef cell when a coral population declines below twice its seed
value, regardless of symbiont density. A reef cell also enters a state of mortality if
it does not recover within 5 years after bleaching. Although it is not ecologically
realistic for a reef to remain bleached for more than a few weeks to months, this
categorization allowed us to differentiate between short- and long-term bleaching
effects. To include the potential for recovery following bleaching or mortality,
but in the absence of data to explicitly model connectivity between reefs globally,
a small ‘seed” population of corals and symbionts is included at all time steps
to represent resupply of larvae from source populations. For mounding and
branching coral morphotypes, respectively, the seed population sizes are 1% and
0.1% of carrying capacity, which assumes mounding (heat-tolerant) corals are ten
times more abundant than branching (heat-sensitive) corals following a bleaching
or mortality event”. For symbionts, the seed density is 0.00001% of carrying
capacity, calculated with the conservative assumption that coral population size is
at its seed value. In model runs with evolution, seed symbionts are assumed to be
adapted to temperature changes through time. For recovery to occur, both coral
and symbiont populations must grow to at least four times their respective seed
values. In addition, because coral growth can slowly increase despite fluctuations in
symbiont population size, recovery is also defined when a coral population grows
to >10% of carrying capacity.

Vulnerability maps based on warming rates and temperature variability. To
compare predicted regions of vulnerability on the basis of SST changes alone with
model results, we produced maps based on temperature metrics expected to trigger
bleaching and mortality (Extended Data Fig. 9). These maps included five metrics:
change in maximum monthly mean SST from the historical period (1861-1900)

to 2080, change in SST variability from the historical period (1861-1900) to the
period between 2050 and 2080 (maximum monthly mean, all months) and future
SST variability between 2050 and 2080 (maximum monthly mean, all months)

for RCP 4.5 and RCP 8.5. To evaluate these metrics as possible predictors of
modelled extinction risk, we also compared each metric with relative coral extent
using a least-squares linear regression across all combinations of evolution and
shuffling simulations. The R? values were calculated each year between 2020 and
2060 using a sliding window for the future climatological period or year for all

reef cells containing >5% relative coral extent and averaged over time. This time
frame maximized the number of reef cells that could be used in the analysis, before
extensive degradation in all simulations (Fig. 1).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability
All Matlab code can be found at https://github.com/VeloSteve/Coral-Model-V12
under the following: https://doi.org/10.5281/zenodo.2639126.

References
49. Loya, Y. et al. Coral bleaching: the winners and the losers. Ecol. Lett. 4,
122-131 (2001).
50. Langmead, O. & Sheppard, C. Coral reef community dynamics and
disturbance: a simulation model. Ecol. Modell. 175, 271-290 (2004).
. Chancerelle, Y. Methods to estimate actual surface areas of scleractinian coral
at the colony- and community-scale. Oceanol. Acta 23, 211-219 (2000).
52. Falkowski, P. G., Dubinsky, Z., Muscatine, L. & Porter, J. W. Light and the
bioenergetics of a symbiotic coral. Bioscience 34, 705-709 (1984).

53. Huston, M. Variation in coral growth rates with depth at Discovery Bay,
Jamaica. Coral Reefs 4, 19-25 (1985).

54. Hoogenboom, M., Beraud, E. & Ferrier-Pages, C. Relationship between
symbiont density and photosynthetic carbon acquisition in the temperate
coral Cladocora caespitosa. Coral Reefs 29, 21-29 (2010).

5

—

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


https://github.com/VeloSteve/Coral-Model-V12
https://doi.org/10.5281/zenodo.2639126
http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE

ARTICLES

55. Cunning, R. & Baker, A. C. Not just who, but how many: the importance of
partner abundance in reef coral symbioses. Front. Microbiol. 5, 400 (2014).

56. McClanahan, T., Muthiga, N. & Mangi, S. Coral and algal changes after the
1998 coral bleaching: interaction with reef management and herbivores on
Kenyan reefs. Coral Reefs 19, 380-391 (2001).

57. Fitt, W. K., McFarland, E. K., Warner, M. E. & Chilcoat, G. C. Seasonal
patterns of tissue biomass and densities of symbiotic dinoflagellates
in reef corals and relation to coral bleaching. Limnol. Oceanogr. 45,

677-685 (2000).

58. Eppley, R. W. Temperature and phytoplankton growth in the sea. Fish. Bull.
70, 1063-1085 (1972).

59. Jon, N. Biodiversity and ecosystem functioning: a complex adaptive systems
approach. Limnol. Oceanogr. 49, 1269-1277 (2004).

60. Mousseau, T. A. & Roff, D. A. Natural selection and the heritability of fitness
components. Heredity 59, 181-197 (1987).

61. Lynch, M. The rate of polygenic mutation. Genet. Res. 51, 137-148 (1988).

62. Donner, S. D., Rickbeil, G. J. & Heron, S. F. A new, high-resolution global
mass coral bleaching database. PLoS ONE 12, €0175490 (2017).

63. Cunning, R., Gillette, P, Capo, T., Galvez, K. & Baker, A. C. Growth tradeoffs
associated with thermotolerant symbionts in the coral Pocillopora damicornis
are lost in warmer oceans. Coral Reefs 34, 155-160 (2015).

64. Silverstein, R. N., Cunning, R. & Baker, A. C. Change in algal symbiont
communities after bleaching, not prior heat exposure, increases heat tolerance
of reef corals. Glob. Change Biol. 21, 236-249 (2015).

65. Dunne, J. P. et al. GFDLs ESM2 global coupled climate-carbon Earth system
models part I: physical formulation and baseline simulation characteristics. J.
Clim. 25, 6646-6665 (2012).

66. Dunne, J. P. et al. GFDLs ESM2 global coupled climate-carbon Earth system
models Part II: carbon system formulation and baseline simulation
characteristics. J. Clim. 26, 2247-2267 (2012).

67. Lough, J. M. & Barnes, D. J. Environmental controls on growth of the massive
coral Porites. ]. Exp. Mar. Biol. Ecol. 245, 225-243 (2000).

68. UNEP-WCMC, WorldFish Centre, WRI & TNC. Global Distribution of
Warm-water Coral Reefs, Compiled From Multiple Sources Including the
Millennium Coral Reef Mapping Project. Version 4.1 (UN Environment World
Conservation Monitoring Centre. Data, 2021); https://doi.org/10.34892/
t2wk-5t34

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

69. van Hooidonk, R., Maynard, J. A. & Planes, S. Temporary refugia for coral
reefs in a warming world. Nat. Clim. Change 3, 508-511 (2013).

70. Fitt, W,, Brown, B., Warner, M. & Dunne, R. Coral bleaching: interpretation
of thermal tolerance limits and thermal thresholds in tropical corals. Coral
Reefs 20, 51-65 (2001).

. Gonzalez-Espinosa, P. C. & Donner, S. D. Predicting cold-water bleaching in
corals: role of temperature, and potential integration of light exposure. Mar.
Ecol. Prog. Ser. 642, 133-146 (2020).

7

—

Acknowledgements

This work was supported by a NOAA Coral Reef Conservation grant to J.PD. and S.D.D.,
a Coral Reef Alliance Coral Adaptation Challenge grant to C.A.L. and $.D.D., and an
ROA supplement to NSF DEB #1655475 to C.A.L. and M.L.B. We thank C. M. Eakin for
helpful initial discussions in the development of the global model. The contents in this
manuscript are solely the opinions of the authors and do not constitute a statement of
policy, decision or position on behalf of NOAA or the US Government.

Author contributions

C.A.L, J.PD. and S.D.D. conceived and designed the global model; C.A.L. and J.S.R.
developed and tested the computer code; C.A.L., J.P.D., J.S.R. and S.D.D. analysed the
results; C.A.L. and J.S.R. wrote the paper. C.A.L.,, J.P.D,, J.S.R,, S.D.D. and M.L.B. critically
revised the manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41558-021-01037-2.

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41558-021-01037-2.

Correspondence and requests for materials should be addressed to C.A.L.

Peer review information Nature Climate Change thanks M. Matz and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.


https://doi.org/10.34892/t2wk-5t34
https://doi.org/10.34892/t2wk-5t34
https://doi.org/10.1038/s41558-021-01037-2
https://doi.org/10.1038/s41558-021-01037-2
http://www.nature.com/reprints
http://www.nature.com/natureclimatechange

ARTICLES NATURE CLIMATE CHANGE

a) Symbiont genetic dynamics b) Coral and symbiont population dynamics

Symbiont-coral interaction

Coral Mortality (1, u, K_)

Fit 5 Coral Growth E
vt — Po ((praq: 7 . Ko K, 0) §
Ty : L -
: 0 : : :
: g Symbiont 1 Symbiont2 : : = :
: go % . : : Symbiont density (S, ) :
I g ) : S essrazsesannssanasansesansisasanned
: ,% dependent) < 5‘ | % Mounding coral (C;) s 1,
: E E r11 u, I
: 0 o T sy (\ f)l
RN, T ..o L S Heatsensitive | Heat-tolerant
Bhant ; symbiont (1) > symbiont (2)
+ Phenotype
distribution ) ¥
a
}\ —J‘/ Competition
{ ’ : Ay Og
) K
Environmental effects CZ
E..............................E q , Branchingcoral (Cz) _ "
= > = 2
P g A Symbiont i 1 Mu, I
P g + Genotype distribution (\ {)u
P A in Cora.ﬂm Heat-sensitive K Heat-tolerant
Phen% - (mean g, variance ¢%;,) symbiont (1) s2 symbiont (2)

Extended Data Fig. 1| Coral and symbiont ecological and evolutionary global model diagram. The left-hand boxes (a) describe the symbiont fitness
curve and genetic dynamics. The right-hand boxes (b) describe the coral and symbiont population dynamics.
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Extended Data Fig. 2 | Relative coral extent across all reef cells in a 400-year model run with no anthropogenic warming and no adaptive capacity. In all
model runs, branching corals (blue) are initialized at 80% and mounding corals (red) at 20% of a fixed pre-warming carrying capacity (K) in 1861 averaged
across all reef cells. Initializing coral morphotypes to the inverse of these proportions (80% mounding: 20% branching) results in a similar outcome

(-~ 90% branching and 1% mounding corals) by 1950. Shaded colors represent the 50% interquartile range around the mean for all reef cells.
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Extended Data Fig. 3 | Percentage of ‘healthy’ reef cells globally in four RCP emissions scenarios from 1980 to 2100. Model trajectories are shown with
no evolution (black), shuffling with a +1°C advantage (red), evolution (blue), and combined shuffling and evolution (purple). A reef is considered ‘healthy’
if it is not in a bleached or mortality state (see Methods). SST (grey) is the mean and 25th-75th percentile increase in annual maximum temperatures
across all reef grid cells. Bar plots indicate number of bleaching events per year in each model run.
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Extended Data Fig. 4 | In each model year, reef cells are defined as being in a 'healthy’, ‘bleached’, or ‘mortality’ state. Arrows represent transitions
between states. 1) ‘Bleaching’ occurs when symbiont populations drop <30% of the minimum population size in the previous year or when bleaching
occurs >2 times in the previous decade. 2) ‘Mortality’ is defined if a reef bleaches but does not recover within five years, or 3) if coral populations drop to
<2x the seed value. 4-5) Recovery occurs if coral and symbiont populations increase to >4x their respective seed value or coral populations grow above

10% of carrying capacity.
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Extended Data Fig. 5 | Sensitivity analysis of percent ‘healthy’ coral reef cells when the model is calibrated to estimated bleaching frequencies of 3 or
5% between 1985-2010. In the main text, model output is calibrated to a 5% bleaching frequency during this time. The effect of changing the target to 3
% is shown for RCP4.5 and RCP8.5 scenarios. Projected trajectories are shown with and without symbiont evolution (E=1vs. E=0), and with or without

shuffling (+1.0 °C advantage) in the tolerant population. The effect of increasing pCO2 on coral growth rates is also included (OA=1) with evolution and
shuffling.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE ARTICLES

. Branching Corals . Mounding Corals

2 2
c c
o o
o 08| 908
E E
@ @
IS S
s o
K K}
P06} P06}
© k)
c c
2 S
© 7]
s e
L ——RCP 2.6 [T

0.4} ——RCP 45 0.4}

——RCP 6.0
——RCP 85
1950 2000 2050 2100 1950 2000 2050 2100

Extended Data Fig. 6 | Global mean fraction of corals hosting heat-tolerant symbionts in branching (heat-sensitive) corals and mounding
(heat-tolerant) corals. The mean value is calculated for all reef cells (n=1,925) for all RCPs in shuffling (+1.0 °C advantage) simulations. For most reefs,
fidelity to heat-tolerant symbiont occurs following a rapid transition between 2010-2040 through 2100.
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Extended Data Fig. 7 | Fine-scale symbiont shuffling dynamics in four example reef cells. Temperature is monthly SST with the optimal temperature

(gi) for each symbiont type overlaid in yellow (top). Symbiont density (bottom) is in terms of cells per cm? of coral area for a heat-sensitive (solid lines)
and heat-tolerant (dashed lines) symbiont population in each coral morphotype. Realistic seasonal fluctuations in symbiont density (a,b) and reversion
can occur (c, d), but reversion is uncommon under future warming; (d) represents a model run with no anthropogenic warming in which reversion occurs
several times during a 200-year period. Bleaching events are shown in black circles.
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Extended Data Fig. 8 | Global change in mean symbiont genotype (g; or optimal temperature in °C) and average increase in annual maximum sea
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surface temperatures (SST) in model runs with symbiont evolution for all RCPs. Median (solid lines) and interquartile range (shaded) is shown across all
reef cells (n=1,925) for mounding (heat-tolerant) and branching (heat-sensitive) corals. Across all RCP scenarios and all reefs, the increase in symbiont
optimal thermal tolerance ranged between 0.3°C and 1.8°C.
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Extended Data Fig. 9 | Global maps of warming rate and SST variability. Values represent change in each temperature metric between the historical
period (1861-1900) and 2080 (a-d, g-h) as well as future variability between 2050-2080 (e-f, i-j) for RCP 4.5 and RCP 8.5 climate scenarios. In panels (a)
to (f), inputs are filtered to include only maximum monthly mean SST. Panels (g) through () include all months.
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datasets/1) map of corals reefs to the grid used by the NOAA Geophysical Fluid Dynamics Laboratory (GFDL) Earth System Model 2M
(ESM2M).

Data analysis All code was developed and run in Matlab (R2019b; MathWorks, Natick, Massachusetts, USA). All Matlab code can be found at https://
github.com/VeloSteve/Coral-Model-V12 under the following DOI: https://doi.org/10.5281/zenodo.2639126.
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All Matlab code can be found at https://github.com/VeloSteve/Coral-Model-V12 under the following DOI: https://doi.org/10.5281/zenodo.2639126.
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