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A rapidly closing window for coral
persistence under global warming

Yves-Marie Bozec 1 , Arne A. S. Adam1, Beatriz Arellano-Nava 2,

Anna K. Cresswell 3,4, VanessaHaller-Bull 3, Takuya Iwanaga3, LiamLachs 5,

Samuel A. Matthews3, Jennifer K. McWhorter6, Kenneth R. N. Anthony3,7,
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Coral reefs around the world are increasingly threatened bymarine heatwaves

causing widespread coral bleaching and mortality. Global analyses of pro-

jected heatwaves can informdecision-making, but forecasting the interactions

between disturbance refugia, coral life histories and capacity to adapt is key

for guiding strategicmanagement of coral persistence. Here, we simulate coral

eco-evolutionary dynamics across 3800 reefs of Australia’s Great Barrier Reef

under current climate projections. We project a rapid coral decline by mid-

century under all emission scenarios, with further decline under the most

likely warming trajectory. However, recovery is possible this century if

warming remains below 2 °C, allowing thermal adaptation to keep pace. Our

simulations show that resilient reefs are primarily in bleaching refugia, which

also support a greater diversity of thermal phenotypes. While cool-adapted

corals disperse to warm spots, we found no evidence of ‘gene swamping’

undermining thermal adaptation. Our findings highlight that management

opportunities exist to promote adaptation in thermal refugia and warm spots,

but emphasize that curbing global warming by 2050 is crucial for coral

persistence.

Anthropogenic greenhouse-gas (GHG) emissions have raised global

temperatures by roughly 1 °C above pre-industrial levels1, intensifying

the frequency and severity of marine heatwaves and driving tropical

coral reef ecosystems into decline2–5. Heat stress disrupts the sym-

biotic relationship between reef-building corals and their photo-

synthetic algal endosymbionts (zooxanthellae), leading to coral

bleaching6. Under severe and prolonged heat stress, persistent coral

bleaching leads to extensive mortality4–7. Regional-scale marine heat-

waves are occurring at an alarming rate, significantly reducing the

recovery time between consecutive bleaching events2,8,9. This poses an

unprecedented threat to the persistence of functioning coral reef

ecosystems in the twenty-first century: even with the most aggressive

reduction of GHG emissions, global warming is expected to exceed

1.5 °C for multiple decades10.

Mitigating future warming impacts on coral reefs requires stra-

tegic management that adopts a long-term lens11,12. Projections of reef

futures have focused almost entirely on evaluating the likelihood that

temperatures will exceed current thresholds for widespread coral

mortality13–15. These projections fail to account for evolutionary pro-

cesses and the adaptive capacity of corals, the diversity of coral life-
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histories, and the complex demographics of interconnected coral

metacommunities within a spatially heterogeneous environment,

including disturbance refugia16. The ability of corals towithstand rising

sea temperatures will partly depend on their adaptive potential (i.e.,

evolutionary rescue17), yet the degree to which natural selection can

enhance heat tolerance under frequent and intense marine heatwaves

is unknown. Population persistence might also be promoted by coral

larvae supplied by nearby reef habitats (i.e., demographic rescue18),

but the resilience of larval dispersal networks remains uncertain given

the large geographic footprint of marine heatwaves19. The fate of coral

reefs will ultimately hinge on how effectively these rescue effects may

combine to enhance resistance to bleaching and support recovery,

which in turn will be influenced heavily by the rate of temperature

change in the next decades.

Here, we explore the eco-evolutionary response of coral com-

munities to climate change using a comprehensive and field-tested

ecosystemmodel of Australia’s iconic Great Barrier Reef20, extended to

include adaptive evolution to thermal stress. By simulating community

evolutionary dynamics throughout the twenty-first century, we eval-

uate coral persistence under alternative scenarios of GHG emissions

and assess the potential for rapid coral evolution across multiple

spatial and temporal scales. While our findings paint a grim future for

coral reefs, we do identify paths under which coral populations may

adapt and persist. We also find opportunities for management inter-

ventions to capitalise on coral connectivity patterns and anticipated

future warming (thermal refugia and warm spots) for supporting reef

resilience, reinforcing the value of taking a strategic and proactive

approach to managing climate change impacts.

Results
Modelling coral eco-evolutionary dynamics
Our model, ReefMod-GBR20, simulates individual corals recruiting,

growing, competing, reproducing and dying on 3806 individual reefs

interconnected by larval dispersal along the ~2300km length of the

Great Barrier Reef (Fig. 1a). Each modelled reef is subject to a specific

environmental setting, including water quality, larval connectivity, out-

breaks of the coral-eating starfish (Acanthaster spp.) and the incidence

of cyclones and marine heatwaves. Corals are classified into six groups

with variable demographics and susceptibility to disturbances.

Temperature-induced mortality (Fig. 1b) is estimated from the Degree

Heating Week (DHW; °C-week), a measure of accumulated heat stress

exposure4,21 proven to be a reliable proxy for coral bleaching and mor-

tality on theGreat Barrier Reef5. Sensitivity to heat stress is a quantitative

trait modelled at the level of individual coral colonies, capturing varia-

tions in heat tolerance within22 (Fig. 1b, c) and among coral groups5,20

(Supplementary Fig. 2c). Heat tolerance is partially inherited23, with a

heritability coefficient that aligns with empirical estimates for coral

thermal traits24,25. Incorporating individual-level variations and the her-

itability of heat tolerance enables thermal adaptation across multiple

generations. This adaptive process is driven by natural selection in

response to successive mass bleaching andmortality events, promoting

the survival and propagation of thermally-tolerant phenotypes.

We begin by simulating coral community dynamics of the past 15

years to capture the recent selective pressures experienced across the

Great Barrier Reef—a cluster of four significant marine heatwaves that

occurred in 2016, 2017, 2020 and 2022 (Supplementary Fig. 4a).

Starting in 2008 from an average 27.4% coral cover (95% prediction

interval: 27.2–27.7%) informed by historical monitoring, simulations

reveal large temporal fluctuations across the 3806 reefs (Supplemen-

taryFig. 5), underscoring bothperiods of substantial coral declines and

periods of remarkable recovery. The model predicts an average coral

cover of 38.8% in 2023 (38.1–39.4%), reflecting anoverall increase from

2008. However, the hindcast reveals prolonged periods of low coral

cover as indicated by a 25.4% annual average (13.8–37.1%). The com-

parisonwithmonitoringdata indicates a credible reconstructionof the

past trajectory ofmean coral cover (Supplementary Fig. 5), withmodel

errors—defined as the annual differences between predictions and

observations—being evenly distributed over time (Supplementary

Fig. 6) and having amean value of −0.3 percentage points (95% central

interval: −9.3–7.5%). Coral cover reconstructions at individual-reef

scales performed reasonably well (Supplementary Fig. 7), with model

errors primarily arising from the difficulty of hindcasting patchy dis-

turbances at fine resolution, especially the damaging waves generated

by cyclones20,26,27. However, these discrepancies reflect the accuracy of

the hindcast only and do not constrain future uncertainty, provided it

is captured by stochastic disturbance scenarios and the model’s

representation of coral responses to specified disturbance intensities.

The modelling of coral bleaching, parameterised with in situ mor-

tality data from the 2016 marine heatwave5,20, allows for an accurate

reconstruction of relative coral cover changes observed from indepen-

dent monitoring28 (Fig. 1d). Simulated demographics before and after

heat stress predict, on average, a 38% coral decline (15–60%) to DHW

exposures between 8–10 °C-week, resulting in an average shift of +1.6 °C-

week (1.1–2.2 °C-week) in the mean heat tolerance of thermally-sensitive

taxa (Fig. 1e). Reliable predictions of coral bleaching responses were also

obtained in 2017 and 2022, but not in 2020, as no significant mortality

was reported despite reef exposure to harmful DHW levels (Supple-

mentary Fig. 8). As themodelled coral communities were assumed to be

relatively naive to heat stress prior to the 2016 mass bleaching, coral

mortality decreased during the subsequent bleaching events in 2017,

2020 and 2022, with a mean coral decline of, respectively, 28% (0–57%),

28% (5–52%) and 10% (0–29%) on reefs exposed to 8–10 °C-week. Hence,

the response to bleaching weakens across successive marine heatwaves

due to the progressive elimination of themost thermally-sensitive corals

(Supplementary Fig. 9). The strength and persistence of this shift in heat

tolerance depend on the intensity of the selective pressure, the rate at

which new corals recruit, their thermal traits, and the effective trans-

mission of these traits to subsequent generations.

Projected heat stress under different warming scenarios
We used daily projections of sea surface temperatures (SST) derived

from theCoupledModel Intercomparison Project Phase 6 (CMIP6)29 to

simulate the impacts of future bleaching events under five alternative

GHG emissions scenarios (Shared Socioeconomic Pathway, SSP)

assessed in the latest IPCC report10. Daily SSTprojectionsof ten climate

models were downscaled to 10 km using semi-dynamical shelf-sea

modelling30, allowing us to calculate annual maximum DHW for each

individual reef from 2024 to 2100.

Our DHW projections reveal an escalation in the frequency and

intensity of marine heatwaves in the coming decades under all emis-

sion scenarios (Fig. 2a). Only rapid and drastic reductions of GHG

emissions, limiting global warming to +1.5 °C (SSP1-1.9), have the

potential to reduceSST in the latter half of the century. Adhering to the

+2 °C limit set by the 2015 Paris Agreement (SSP1-2.6) would only

stabilise SST by the end of the century, yet restricting global warming

below 2 °C requires immediate and strong mitigation actions31,32.

Under a more likely scenario of ~2.7 °C global warming33,34 (SSP2-4.5),

SST will continue to rise after mid-century, exposing 50% of the Great

Barrier Reef to DHW above 8 °C-week (a threshold of widespread

bleaching and mortality in heat-sensitive corals4,35) at a rate greater

than 5 events per decade (Supplementary Fig. 10). Note there is

important spatial heterogeneity in the frequency of heat stress, with

10% of reefs expected to experience DHW>8 °C-week only 1–4 times

per decade, while 10%would experience it almost annually. Heat stress

above 16 °C-week, conducive of severe multi-species coral mortality36,

would affect 50%of the reefs at a rate greater than3 events per decade.

Under more severe warming scenarios (SSP3-7.0: ~3.6 °C; SSP5-8.5:

~4.4 °C; ref. 1), heat stress above 16 °C-week is projected to affectmore

than 50% of the Great Barrier Reef at a frequency greater than 6 events

per decade after 2060, and annually by 2100.

Article https://doi.org/10.1038/s41467-025-65015-4

Nature Communications |         (2025) 16:9704 2

www.nature.com/naturecommunications


By comparison, the recent marine heatwaves have exposed

20–30% of the Great Barrier Reef to more than 8 °C-week with a

maximumof 13.3 °C-week (Supplementary Fig. 4a), althoughonly a few

reefs were affected by all four events37. However, we note that our

downscaled ensemble climate model, with SST projections starting

effectively in 2014, hindcasts more extreme DHWs than those actually

observed (SupplementaryFig. 4b). This discrepancymay reveal awarm

bias in our SST projections, potentially overestimating future heat

stress events in the early years of climate forecasting.

Future coral cover trajectories
Predicting the precise timing, location and intensity of acute dis-

turbances is impossible. However, using an ensemble of stochastic

simulations of marine heatwaves and tropical cyclones, we can project

an array of feasible futures to understand differences in reef dynamics

under alternative emissions scenarios. Since some CMIP6 climate

models are more sensitive than others to anthropogenic climate

forcing38,39, we designed an ensemble approach that weights climate

models based on the likelihood of their equilibrium climate sensitivity

(the increase in global temperature resulting from a doubling of

atmospheric CO2, Supplementary Fig. 11). We assess coral projections

based on the ‘likely’ distributions of the average coral cover across the

Great Barrier Reef derived annually from the CMIP6 weighted

ensemble of climate forecasts.

Our eco-evolutionary simulations project a sharp coral decline

over the next 15 years for all emission scenarios (Fig. 2b), with mean

coral cover dropping to 17% in 2040 (mean of the likely distribution

across all SSPs, 95% prediction interval: 0–39%). This corresponds to a

Fig. 1 | Modelling of coral eco-evolutionary dynamics. a Spatial domain of

ReefMod-GBR, consisting in n = 3806 individual reef units (blue polygons) dis-

tributed along Australia’s Great Barrier Reef (GBR). Reef polygons were mapped

using the Great Barrier Reef Marine Park Authority geospatial data ‘Great Barrier

Reef Features (GDA94)’ under licence CC BY 4.0. Australia map (inset) from Wiki-

media Commons under licence CC BY-SA 3.0, https://commons.wikimedia.org/

wiki/File:Australia_Locator_Map_(alt).svg. b Bleaching-induced coral mortality

resulting fromaccumulatedheat stress (DegreeHeatingWeek,DHW, in °C-week) at

initialisation (i.e., naive response to heat stress). Corals of a given group (here,

corymbose acroporids) follow an average dose-response (black curve) modelled

from depth-adjusted mortality observed during the 2016 mass bleaching5,20.

Variability in heat tolerance ( ±HT; °C-week) among coral individuals (grey dots,

n = 10,000 randomly generated) is simulated by shifting the dose-response curve

horizontally along the DHW axis, reflecting individual deviations from the group

mean response at initialisation. The blue andorangemortality curves (dashed lines)

indicate, respectively, the bleaching response of the 10th and 90th percentiles of

the HTdistributionwithin the group22. Coral image courtesy of C. Castro-Sanguino.

c Simulated HT distributions before (n = 10,000 colonies) and after (n = 2693

colonies) a hypothetical heat stress of 10 °C-week, illustrating the natural selection

of heat-tolerant corals. At initialisation, the distribution is truncated normal, with

mean0 °C-week (black line), the 10th and90thpercentiles as in (b), and limits set to

± 8 °C-week (black dots).d Impacts of the 2016mass bleaching on total coral cover

(relative change) recorded at 5–10m depth by independent monitoring surveys28

(black dots, n = 117 reefs) and predicted by the model (blue dots, n = 3806 reefs),

versus reef-level DHW exposure recorded by remote sensing21. In the model,

bleaching does not occur when reefs are exposed to 0–3 °C-week (grey area) fol-

lowing ref. 5. e Simulated 2016 bleaching impacts on total coral cover (n = 3806

reefs) as in (d), showing changes in the mean tolerance of heat-sensitive coral

groups (acroporids and pocilloporids) following selection by bleaching.
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56% decline of the present-day mean coral cover. Keeping global

warming below 2 °C (SSP1-1.9: ~1.4 °C; SSP1-2.6: ~1.8 °C; ref. 1) would

promote coral recovery in the second half of the century as SST ceases

to rise, though retrieving the contemporary levels of coral coverwould

require the most stringent mitigation of GHG emissions (SSP1-1.9).

Under a more likely global warming of ~2.7 °C (SSP2-4.5), coral popu-

lations would decline throughout the century, with projections of

meancoral cover dropping to 16% (0–40%) by 2050and8% (0–26%)by

2100. By the end of the century, the vast majority of individual reefs

(>60%) would be depleted to less than 5% total coral cover (Fig. 2c).

Unmitigated GHG emissions (SSP3-7.0 and SSP5-8.5) would drive the

Great Barrier Reef to a precipitous decline over the century, achieving

a near total loss of coral cover by 2080–2100.

Scope for natural adaptation
Despite significant differences among SSPs in the severity and fre-

quency of future heatwaves, coral heat tolerance increases at a

similar rate across warming scenarios (Supplementary Fig. 12). The

maximum rates of thermal adaptation (1.1–1.4 °C-week per decade)

occur in the first half of the century before gradually decelerating,

likely constrained by the approaching limit of heat tolerance (8 °C-

week). A key indicator of successful adaptation is the persistence of

abundant adult populations, particularly among heat-sensitive spe-

cies that adopt a ‘grow fast, die young’ strategy (Fig. 3a). Under a

global warming scenario 2 °C (SSP1-2.6), heat-sensitive corals can

adapt effectively, as evidenced by persistent recovery capabilities

driven by their fast growth and high reproductive rates. However,

with more severe warming (SSP2-4.5, SSP3-7.0), all coral taxa decline

at comparable rates (Fig. 3a, b) because their adaptive capacity is

insufficient to keep up with the intensifying selection pressure of

rising temperatures. Thus, while it can be expected that reefs will

eventually be dominated by the most heat-tolerant taxa3,5,40, our

simulations present a more nuanced picture of future taxonomic

composition emergent from the interactive effects of coral demo-

graphy, connectivity, thermal tolerance and rates of adaptation,

which have not yet been teased apart41,42. Key to coral persistence is

the maintenance of coral brood stocks and reproductive potential

that promote fast demographic recovery following bleaching. An

encouraging finding is that coral juvenile densities would remain

near their historical levels if global warming is kept around 2 °C

(Fig. 3c), thus increasing the scope for adaptation and enhancing

demographic resilience throughout the century.

Spatial variability of eco-evolutionary responses
Spatial trends in future coral cover exhibit great variability, particularly

under relativelymodest warming—such as SSP1-2.6 and earlier parts of

SSP2-4.5. Mapping the mean state of individual reefs across the

weighted ensemble runs (Fig. 4a) reveals large-scale patterns of pro-

jected reef health that align with previous studies of thermal refugia

and warm spots43–45. Thermal refugia were mostly encountered in the

southern (Pompey and Swain reef complexes, 20–22 °S) and far-

northern (10–12 °S) regions, where localised upwelling brings cool

deepwater to the surface during austral summer45. As a result, thermal

refugia allow corals to adapt gradually under mild selective pressure

while retaining scope for recovery, thereby enhancing long-term coral

persistence. However, while different thermal environments result in

different rates of evolution, our projections indicate that the avail-

ability of thermal refugia will vanish as warming intensifies (SSP2-4.5,

Fig. 2 | Ensemble projections of Australia’s Great Barrier Reef during the

twenty-first centuryunderfive climate futures. From left to right, projections are

shown for five scenarios of socioeconomic development (Shared Socioeconomic

Pathways, SSPs), SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, leading to a

global warming by 2100 of (best estimate1) +1.4 °C, +1.8 °C, +2.7 °C, +3.6 °C and

+4.4 °C, respectively. a Percentage of reefs (n = 3806) under different categories of

heat stress (Degree heating Weeks, DHW) across all climate projections (n = 140

projections for SSP1-1.9, n = 200 for all other SSPs). DHW events within each

downscaled climate projection were shuffled per decade to generate stochastic

fluctuations in the occurrence of bleaching. b Likely biennial distributions of the

predicted Great Barrier Reef mean total coral cover (percent cover of all corals

averaged across all reefs) among 1000 bootstrap samples, each consisting of 20

individual runs of the eco-evolutionary model drawn at random using the like-

lihood of the underlying climate projection as weight. Boxes represent the inter-

quartile range (IQR), showing the spread of mean total coral cover predictions

between the 25th (Q1) and 75th percentiles (Q3) of the likely distributions

(n = 20,000 predictions for each biennial distribution). Whiskers extend from each

box to the most extreme samples not considered outliers. Outliers (not shown for

clarity) are samples greater than Q3 + 1.5 × IQR or less than Q1− 1.5 × IQR. The

central pointmark is themedian. cDistribution of the proportion of reefs with total

coral cover <5%. Boxes, whiskers and central point as for (b). In b and c, the dashed

lines indicate the hindcast (2008–2023) averages for reference (25.4% total coral

cover, 6.5% of reefs in a depleted state).
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SSP3-7.0), leading to fewer reefs maintaining high ecological func-

tioning in the second half of the century.

Note that the projected thermal environment was defined at 10-

km resolution, but thermal refugia may also exist at finer spatial scales

(i.e., within individual reefs). Hence, employing a different coral com-

munity model46 specifically designed to simulate fine-scale (0.5–10

hectares) coral habitats in the Central Great Barrier Reef (Supple-

mentary Methods 2), we find that high levels of heterogeneity also

exist at finer spatial resolution among the different sites of a reef

(Fig. 4b). Yet, within-reef variability in coral communities may reduce

over time as warming affects corals across all sites.

Drivers of eco-evolutionary changes
While a simplification of real-world outcomes (Supplementary Note 1),

our model incorporates a complex intertwining of environmental

drivers, including cyclones, bleaching events, coral-eating starfish

outbreaks, and heterogeneous water quality and larval dispersal. To

unravel this complexity, we used statistical linear models of likely

ecosystem drivers to evaluate which processes exert the strongest

influence on future reef state. We analysed this for two timeframes

(Fig. 5a): (1) the mid-century, when stress peaks for low emission sce-

narios, and (2) at the century’s end, when emissions scenarios aremost

divergent. We find that decreases in the intensity and frequency of

coral bleaching—such as those associated with thermal refugia—are

most important in promoting total coral cover compared to other

disturbances (cyclones, water quality and outbreaks of Acanthaster

spp.). Indeed, defining thermal refugia and warm spots as represent-

ing, respectively, the lower 10th percentile and upper 90th percentile

of annual DHW, we find that reefs with higher coral cover are far more

common in the cooler refugia (Fig. 5b), especially under mild warming

(SSP1-2.6, and SSP2-4.5/SSP3-7.0 by mid-century).

We also find a noticeable influence of coral connectivity, either

expressed as larval sink strength derived from rawconnectivity data or

as simulated number of larvae supplied over the past 5 years (Fig. 5a).

This influence is more pronounced under moderate warming (SSP1-

2.6), underscoring the compounded effect of heat stress, which

diminishes the benefits of larval supply by shortening the periods of

recovery. By defining larval barrens and larval hubs as the lower 10th

vs. upper 90th percentiles of the annual external larvae supplied, we

observe that higher coral cover is more commonly achieved in larval

hubs across all warming scenarios (Fig. 5c). This suggests that external

larval supply functions as a form of demographic rescue, which is

consistent with previous findings using large-scale connectivity41,42,47.

Moreover, focusing on warm spots reveals that reefs with greater

access to external larvae tend to fare better than those with reduced

upstream connections, even in the face of high bleaching mortality

(Supplementary Fig. 13a). Yet, the ability of larval dispersal to support

coral populations diminishes under higherGHGemissions, particularly

towards the end of the century. The disruption to reef state becomes

so patchy and severe that larval supply is increasingly influenced by

local retention and occasional dispersal from upstream reefs that

retain enough adult corals.

Corals in warm spots and thermal refugia exhibit adaptation to

their respective thermal environments. By mid-century, the mean

thermal tolerance of corals on refuge reefs is 1–2 °C-week lower than

that of corals in warm spots (Fig. 6a). As warming worsens, either

over time or across SSPs, the range of mean heat tolerance broadens

in cooler regions, driven by a higher prevalence of cooler-adapted

phenotypes. However, this does not imply that heat-tolerant phe-

notypes are absent in thermal refugia. In fact, refuge reefs, which

support vastly greater coral abundance compared to warm spots

(Fig. 5b), have a greater reproductive capacity, allowing them to

produce larger quantities of coral offspring, including heat-tolerant

phenotypes, though in smaller proportions. The larger volume of

larvae means that the absolute number of heat-tolerant phenotypes

can still be relatively high. Thus, cooler regions are still able to

Fig. 3 | Coral demographics under the three most likely warming futures.

Ensemble projections of the Great Barrier Reef mean percent cover of heat-

sensitive (a, four taxonomic groups, including acroporids and pocilloporids) and

heat-tolerant corals (b, two taxonomic groups, including large massive and

submassive/encrusting corals). c Projection of mean density of coral juveniles

across all groups. See Fig. 2 legend for the description of box-and-whisker plots

(n = 20,000 predictions for each biennial distribution). Dashed lines indicate the

hindcast (2008–2023) averages for reference.
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Fig. 4 | Spatial variability and the progressive disappearance of healthy reefs

under severewarming. aAnnualmean coral cover for 3806 individual reefs across

the Great Barrier Reef over three specific decades under SSP1-2.6 (top), SSP2-4.5

(middle) and SSP3-7.0 (bottom). Each reef is represented by a dot located at the

centre of its polygon (centroid) (see Fig. 1 legend). b Annual mean coral cover for

171 reef habitat sites onMooreReef in theCentral Great Barrier Reef (see location in

a) predicted by the within-reef, metacommunity model C~scape48 under SSP2-4.5.

Habitat polygons were derived from the Great Barrier Reef Marine Park Authority

geospatial data ‘GBR10 GBRMP Geomorphic’ under licence CC BY 4.0. Annual

means were calculated by averaging the predicted coral cover across all bootstrap

samples (1000 bootstrap samples of 20 individual model runs).
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disperse warm-adapted phenotypes to some of the reefs where they

are needed.

Lastly, we note that larval barrens and hubs display fairly similar

distributions of mean heat tolerance, particularly by mid-century

(Fig. 6b and Supplementary Fig. S13b). While one might expect that

larval connectivity could hinder thermal adaptation by introducing

maladapted, cooler phenotypes from thermal refugia48, our simula-

tions indicate that larval supply has no apparent influence on local

adaptation in themid-term. By the end of the century, larval hubs tend

to support slightly higher proportions of heat-tolerant phenotypes,

likely due to the influence of upstream reefs that still maintain func-

tional reproductive populations—those that have successfully adapted

to warming. However, with the majority of coral populations severely

depleted by this time, the potential for genetic rescue through larval

connectivity seems to offer limited benefits in the long term.

Discussion
As global warming intensifies, we observe a progressive homogenisa-

tion of reef state across multiple spatial scales on the Great Barrier

Reef. First, the system-wide average reef state deteriorates, marked by

a decline in mean total coral cover in the near term, across all emis-

sions scenarios (Fig. 2b). Second, the spatial variability of reef health

gradually reduces as the geographical footprint of recurrent marine

heatwaves broadens (Fig. 4a). This can be illustrated by observing a

Fig. 5 | Drivers of future coral persistence under plausible global warming.

a Factors associated with healthier reef outcomes under SSP1-2.6, SSP2-4.5, and

SSP3-7.0 for both mid-century (left) and end-century (right) based on predictions

of statistical linear models. The influence of each predictor (Supplementary

Table 2) is measured by the change in coral cover (as percentage points) for a 10%

change of the predictor within its range. The final row represents external larval

supply (i.e., excluding local larval retention). CoTS crown-of-thorns starfish

(Acanthaster spp.), WQ water quality. Probability (kernel) density distribution of

reefs basedonheat-sensitive coral cover across thermal (b, warmspots and thermal

refugia) and larval supply (c, larval hubs and larval barrens) regimes, excluding

reefs impacted by reduced water quality and cyclones in the preceding 5 years

(resulting distributions across 200 climate projections: n = 202,570 reefs in 2050,

n = 205,510 in 2100). Thermal and larval supply regimes are defined, respectively, as

those reefs below the 10th or above the 90th percentile for annualDHWand annual

amount of external larval supply. Reefs in thermal refugia (i.e., exposed to lowest

thermal stress) and in larval hubs (i.e., exposed to highest larval supply) exhibit

higher levels of coral cover compared to warm spots and larval barrens. Thermal

environments and larval connectivitywere calculated as the averageheat stress and

larval supply experienced in the preceding 5 years. Larval supply excludes local

retention and only captures larvae from external source reefs. Colours of SSPs as

in (a).
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single realisation of the future, where the diversity of coral cover tra-

jectories among individual reefs becomes constrained towards the end

of century (Supplementary Fig. 1c). Finally, use of a complementary

fine-scale ecosystemmodel parameterised for reef sites within a small

reef cluster finds a progressive loss of coral heterogeneity among sites

(Fig. 4b). A loss of heterogeneity acrossmultiple spatial scales could be

critically important in ways that are not yet fully understood or

incorporated into models. For example, patches of relatively healthy

habitat with high coral densities are less likely to experience Allee

effects in fertilisation49. Their progressive loss will undermine the

reproductive success of corals within reefs. Yet, it is important to

emphasise that coral communities show ability to recover from the

initial decline under stringent mitigation targets (<2 °C, SSP1-1.9 and

SSP1-2.6). Perhaps more importantly, coral cover entered a trajectory

of recovery when temperatures were still rising (i.e., before mid-cen-

tury). This is an encouraging finding since it suggests that coral

adaptation is possible, provided that the rate of temperature change

does not exceed the pace of thermal evolution in corals, which is

constrained here by life-history, trait heritability and inter-reef con-

nectivity. This result reaffirms the critical importance of climate policy

commitments and the urgency of their implementation to curb the

rate of warming before 2050.

Our model incorporates key components of natural selection:

trait variation, survival of individuals with advantageous traits, and

transgenerational inheritance of trait values. Although our para-

meterisation allows bleaching sensitivity to vary among taxa (Supple-

mentary Fig. 2C, ref. 40), we note that the variation amongst thermal

phenotypes, the foundation upon which natural selection operates,

was parameterised fromone of themore sensitive coral taxa (Acropora

spp.) as this was the most comprehensive data available22. We

expanded the limits of heat tolerance within each modelled group to

account for the variability conferred bymultiple species. However, the

lack of data for other taxa introduces additional uncertainty to these

limits, which significantly influences eco-evolutionary projections

(Supplementary Figs. 14–16). Hence, it is unclear how the scope for

thermal adaptation varies across taxa and much remains to be

understood about themechanisms of adaptation itself50,51. Specifically,

our model does not account for other life history traits that may be

affected by rising temperatures52 or by the strengthening of thermal

resistance53, nor does it capture the evolutionary responseof symbiont

populations to warming, which influences coral growth and heat

tolerance54.

Beyond these simplifying assumptions, we identified a possible

warm bias in our downscaled projections of heat stress. Consequently,

the predicted global decline in coral cover during the first 15 years of

the forecast may be overestimated, although this must be weighed

against othermodel uncertainties, many of our assumptions favouring

optimistic outcomes in the simulated coral demographics (Supple-

mentary Note 1). Overall, there was considerable variation in warming

projections across the CMIP6 models, leading to a high level of

uncertainty around mean coral cover trajectories, both within and

between emission scenarios. Given the many uncertainties associated

with the response of corals to climate change, we point out that the

uncertainty in ourmodel projections increases substantially over time,

largely in ways that are difficult to quantify.

The extent to which coral reefs will maintain their function in the

coming decades will not only depend on the ability of corals to adapt

to rapid warming, but also on our commitment to mitigate GHG

emissions and our capacity to implement effective and efficient man-

agement strategies. While reducing GHG emissions remains a top

Fig. 6 | Influence of thermal refugia and larval supply and coral adaptation.

Probability density distribution of reefs based on mean heat tolerance of heat-

sensitive coral taxa across thermal (a) and larval supply (b) regimes (see definition

in Fig. 5 legend) for both mid-century (left) and end-century (right). Heat tolerance

is defined as the relative accumulated heat stress ( ± °C-week) a coral colony can

withstand compared to the present-day mean response of its taxonomic group

(0 °C-week). Recurrent heatwaves progressively shift the mean tolerance on a reef

by selecting corals with the highest heat tolerance (within biological limits set to ±

8 °C-week) over multiple generations. Reefs in thermal refugia slow down the

evolution of heat tolerance yet support a greater diversity of heat tolerance values;

warm spots achieve greater heat tolerance values at the price of reduced popula-

tion sizes and lower phenotypic diversity.
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priority for the protection of coral reefs, opportunities exist for

meaningful management interventions that promote coral adaptation

and resilience, even under middle-of-the-road GHG emissions (SSP2-

4.5). By underpinning key mechanisms that drive coral adaptation

across a rapidly changing environment, ourmodel canhelpprioritising

multiple interventions, such as protection against local stressors

(fishing, coral-eating starfish outbreaks, reduced water quality) and

also reef rehabilitation12,55. To this end, identifying reefs that promote

demographic and evolutionary rescue at regional scales is crucial.

Protecting thermal refugia may help supporting ecosystem function-

ing locally while maintaining a greater diversity of phenotypes. Con-

servation efforts, however, must also include areas under strong

selective pressure (i.e., warm spots) to foster genetic adaptation56–58.

The design of conservation strategies that promote adaptation is in its

infancy, but one complication is the potential for ‘gene swamping’

where the dispersal of cool-adapted corals into warm spots could slow

adaptation48,56,59. However, while the potential exists for such disrup-

tion on the Great Barrier Reef—where 13% of reefs that constitute

refugia from bleaching can disperse corals to 58% of the whole

ecosystem43
—we did not find evidence of a lack of adaptation in ther-

mal refugia and a negligible influence of larval supply on local adap-

tation. Thus, our model projections indicate that management

strategies for adaptation that encompass multiple thermal environ-

ments canbeflexible andunconstrainedbypatterns of larval supply. In

fact, larval hubs should be prioritised for building reef resilience since

areas with high larval supply are likely to be more resilient even under

moderate GHG emissions. Conversely, areas lacking larval supply

might be considered for rehabilitation measures. Ultimately, con-

tinued investment in reef management is essential even if we move

towards lower GHG emissions.

Methods
Coral-reef ecosystem modelling
Coral projections under future warming were performed using

ReefMod-GBR20, a coral individual-based model that simulates coral

metacommunity dynamics throughout the ~2300 km length of Aus-

tralia’sGreat Barrier Reef (GBR). Themodel tracks the size of individual

coral colonies of six taxonomic/morphological groups under the

influence of demographic processes, ecological interactions and dis-

turbances: acroporids (arborescent, plating and corymbose), pocillo-

porids, large massive corals and submassive/encrusting corals. Coral

demography is simulated with a seasonal time step of 6 months (aus-

tral summer: from November to April; austral winter: from May to

October) using rates of recruitment, growth, survival and fecundity

characteristic of ~5–10m deep reef environments. Metacommunity

dynamics are captured by tracking the dispersion and settlement of

coral larvae throughout a network of 3806 individual reefs (Supple-

mentary Fig. 1a). Most processes are stochastic at the colony or reef

level, reflecting local variability in demographics and disturbance

exposure.

The model simulates the major acute stressors responsible for

widespread coral mortality across the GBR20: temperature-induced

mass coral bleaching (detailed below), tropical cyclones, and out-

breaks of the coral-eating crown-of-thorns starfish (Acanthaster

spp., CoTS). Cyclone-induced coral mortality is taxa- and colony-

size specific, with mortality rates predicted based on cyclone

intensity (Saffir-Simpson scale). CoTS-induced mortality is taxa-

specific, with fast-growing corals more susceptible. CoTS outbreaks

are simulated using an age-structured metapopulation model, and

coral mortality is determined by CoTS abundance at a reef, calcu-

lated using CoTS age-specific consumption rates. Additional stres-

sors include reduced water quality (suspended sediment), which

hinders coral recruitment, and loose coral debris generated by

acute disturbances, which hinders the survival of recruits, jointly

impeding coral recovery.

The model has provided credible reconstructions of recent coral

cover trends observed across the GBR20. Subsequent applications have

explored possible coral futures under climate projections of the fifth

phase of the Coupled Model Intercomparison Project (CMIP5) and for

different scenarios of reefmanagement60–62. We further developed the

modelwith (1) the evolutionary dynamicsof coral heat tolerance under

selection by heat stress (i.e., mass coral bleaching) and (2) themost up-

to-date climate projections (CMIP6) derived from a wider array of

greenhouse gas (GHG) emissions. This spatially-explicit, eco-

evolutionary model enables us to simulate the potential for coral

adaptation under a range of future scenarios of warming across GBR

coral communities. The code of the model (ReefMod-GBR v.7.0) is

archived in the Zenodo public repository (https://doi.org/10.5281/

zenodo.16734996).

Model domain and reef definition
An individual reef is represented by a grid lattice of 20 × 20 cells, each

cell approximating 1m2 of the reef substratum. The associated dis-

turbance regime is reconstructed from past exposure (2008–2023) to

cyclones, bleaching and suspended sediment concentrations (Sup-

plementary Fig. 1b) inferred at resolutions finer than 10 km (see ref. 20

for a detailed description). Here, the area suitable to coral colonisation

was refined for each reef individually using high-resolution (10m) reef

mapping derived from remote sensing (Supplementary Methods 1).

First, an estimate of the 3D surface area of hard reef substrate (down to

20m depth) was calculated based on reef geomorphological and

bathymetry maps63; this produced a total area of coral habitat of

13,842 km2 for the entire GBR. During simulations, the density of coral

andCoTS larvae produced after spawning on the grid lattice of a reef is

multiplied by the 3D surface area of that reef to scale up to the amount

of larvae produced before dispersal. Second, the proportional area of

coral habitat that can be colonised was evaluated based on maps of

benthic cover types63; this sets a limit to coral colonisation on each

individual reef. Coral and CoTS population connectivity among all

individual reefs was derived from biophysical simulations of coral and

CoTS larval dispersal following annual spawning events across the reef

network20,64.

Bleaching-induced mortality
Coral mortality caused by bleaching is modelled as a function of

accumulated heat stress expressed as Degree Heating Week (DHW,

unit: °C-week). Bleaching occurs during the austral summer when

DHW ≥ 3 °C-week on any given reef5, but is prevented if a cyclone also

occurs in the season65. First, a probability of initial mortality m is

estimated from a regression model20 fitted to GBR observations col-

lected at the peak of the 2016mass-bleaching event5, further extended

to account for the sensitivity of multiple taxa at different depths:

m=w � s � ½exp 0:168 +0:347�DHWð Þ � 1�=100 ð1Þ

wherew is a depth-related attenuation coefficient of heat stress and s is

a sensitivity coefficient for specific taxa. With w = 1 and s = 1, Eq. (1)

predicts the community-level response recorded at 2m depth.

Coefficient w is modelled (Supplementary Fig. 2a) using observations

of bleaching mortality collected in the Northern GBR along a depth

profile of light attenuation66:

w= ð0:420+0:272 �dÞ
�1 ð2Þ

We modelled reefs at an average depth of 7m, considering the

modelled coral demographics are representative of 5–10m forereef

environments, thus effectively fixing w to 0.43. The sensitivity coeffi-

cient swas determined based on observed taxon-specific responses to

bleaching5 and ranges between 0.25–1.70 (ref. 20).
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In a second step, initialmortalitym is capped to 1 and extended to

include subsequentmortality occurring after the peakof the bleaching

event. A previous calibration20 found that the long-term (8 months)

losses of percent coral cover reported on the GBR following the 2016

mass bleaching5 can be reproduced by simulation with the following

transformation:

M = 1� ð1� mÞ6 ð3Þ

where M is the probability of total mortality within each taxo-

nomic group. This transformation confers a sigmoid shape to the

DHW/mortality relationship (Supplementary Fig. 2b), which sets 50%

coral mortality at ~8 °C-week and ~13 °C-week for heat-sensitive (the

three acroporid groups and pocilloporids) and heat-tolerant taxa

(large massive and submassive/encrusting corals), respectively (Sup-

plementary Fig. 2c).

Heat tolerance of individual corals
Significant variation in heat tolerance can occur among corals of the

same species within a specific thermal environment22,67,68. To capture

this variability within a taxonomic group, we define the heat tolerance

(HT) of a coral colony as a quantitative trait that reflects its relative

ability to survive heat stress22 compared to the group mean survival

rate, i.e., the representative DHW/mortality relationship of the group

at initialisation. Specifically, HTmeasures the difference in the amount

of accumulated heat stress (±°C-week) that a coral colony can with-

stand compared to the group mean response:

m=w�s�ðexp½0:168 +0:347�ðDHW� HTÞ� � 1Þ=100 ð4Þ

This essentially shifts the curveof initialmortality along the axis of

DHWvalues: a positive and negativeHT value confers lower and higher

bleachingmortality, respectively, compared to the groupmean for the

same DHW value. It can be re-written as:

m=w�s� expð0:168 +0:347�DHW� 0:347HTÞ=100�w�s=100 ð5Þ

The termw · s/100 being negligible (<0.01, less than 1%mortality),

a fair approximation is:

m=w�s� expð�0:347�HTÞ� expð0:168+0:347�DHWÞ=100 ð6Þ

Hence, the specific bleaching response of a coral colony can be

obtained fromEq. (1) using a new sensitivity coefficient s* expressed as:

s* = s� expð�0:347�HTÞ ð7Þ

We assume that HT values at initialisation within a taxonomic

group follow a normal distribution of mean 0, which corresponds to

the average bleaching sensitivity (s) of that group. To get a realistic

estimate of the variability of HT, we used the results of a heat stress

experiment performed on the corymbose Acropora digitifera collected

on a shallow outer reef crest in Palau, Western Pacific Ocean22. Coral

fragments were exposed to an increasing temperature and assessed for

signs of heat stress, allowing the modelling of a 0–1 index of bleaching

andmortality (BMI) as a function of daily DHW values. As a result, there

was a difference of 4.8 °C-week (3.1–6.8 °C-week 95% confidence

interval) between the 10th and 90th percentiles of the population

measured at the cut-off BMI level of 0.12 (i.e., 12% mortality). Assuming

the BMI is a functional equivalent to M, we infer that this difference is

~6.4 °C-week at 100%mortality (Supplementary Fig. 3a). For a standard

normal distribution, the 90th percentile has a score of ~1.28. Therefore,

a normal distribution of mean zero and a 90th percentile score of 6.4/2

has a standard deviation of 6.4 / (2 × 1.28) = 2.5. We thus assume that

present-day HT values follow a normal distribution of mean zero and

standard deviation σ = 2.5 °C-week within each taxonomic group. At

initialisation, a value is drawn from this distribution (Supplementary

Fig. 3b) for each created coral. Corals retain their assigned HT

throughout their lifetime. When bleaching occurs, a probability of

mortality is calculated for every colony following Eqs. (1)–(3) and (7),

and survivors are determined by binomial draws.

Because a normal distribution has tails extending to infinity,

negative and positive limits to HT ( ±HTmax) are required to avoid

creating unrealistic heat tolerance values. A range based on the 1st and

99th percentiles of the distribution observed in ref. 22 would set

bounding limits to approximately −6 and +6 °C-week (Supplementary

Fig. 3b). Yet, this distribution is derived from experimental data

gathered for a single species with a limited number of individuals.

When extrapolating tomultiple taxa, it is reasonable to assume awider

rangeof heat tolerancevalues.Weextended this rangeby2 °C-weekon

either side of the distribution (i.e., |HTmax | = 8 °C-week) to capture

some additional level of variability among species within a modelled

group. Due to the lack of empirical data on heat tolerance for other

coral taxa—comparable to the values reported in ref. 22—there is sig-

nificant uncertainty in extrapolating heat tolerance variability across

multiple species. Furthermore, extreme thermal phenotypes could

emerge in the future from the complex interactions among mechan-

isms of selection, acclimation and genetic mutations. As additional

data become available for a broader range of taxa, and further pro-

gress on our understanding of adaptive mechanisms, it will become

possible to more accurately represent the potential range of heat tol-

erance values.

Cross-generational heritability of heat tolerance
Thermal adaptation occurs as a trans-generational response to natural

selectiondrivenbymass bleaching andmortality events. Inheritanceof

heat tolerance is modelled based on the narrow-sense heritability (h2),

which measures the proportion of variation in this trait that is attri-

butable to additive genetic effects (i.e., those genetic effects that are

inherited, as opposed to dominance and epistasis)69,70. As such, herit-

ability expresses the similarity of thermal phenotypes between parents

and offspring, and being a proportion, is confined from 0 (offspring

and parental phenotypes are unrelated) to 1 (perfect transmission of

parental phenotypes). Based on empirical estimates24,25, we set h2 =0.3

for the heritability of heat tolerance and assume it constant in space

and time (but see ref. 69). To determine thermal phenotypes (i.e., HT)

in coral offspring, we first predict the mean heat tolerance of the new

generation from the selected parents following the univariate bree-

der’s equation71,72:

R=h
2
�S ð8Þ

where R is the per generation response to selection expressed as the

change in mean heat tolerance in the next generation and S is the

selection differential (i.e., the change in mean heat tolerance after

selection within the parental population). Specifically, S (°C-week)

within each taxonomic group is estimated at every time step t as:

St =HTP, t � HTP, t�1 ð9Þ

whereHTP is themeanheat toleranceof adult coloniesweightedby the

amount of their respective reproductive outputs (function of colony

size, as per ref. 20), such that colonies with greater fecundity con-

tribute more to the mean parental phenotype. Assuming the offspring

phenotypes (HTO) are normally distributed, their mean value is

obtained by adding the generational response to selection to themean

parental phenotype before selection:

HTO, t � NðHTP, t�1 +Rt , varðHTP, tÞ
1=2Þ ð10Þ
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Note the variance of heat tolerance in the population of offspring

is assumed to match the fecundity-weighted variance of parental

phenotypes after selection, based on the expectation that phenotypic

variance is reduced under strong selective pressure. In the particular

casewhere nogravid colonieswerepresent at t − 1, HTP, t−1was set to0,

meaning that the selection differential was calculated relative to the

present-day distribution of heat tolerance.

Since corals produce millions of offspring, the computation is

only performed for a representative sample of 1000 offspring HT

phenotypes per taxonomic group per reef. The sampled HT pheno-

types are then dispatched across the reef network according to

probabilities of larval dispersal specified in connectivity matrices.

Practically, a pool of 1000 incoming HT phenotypes is created for any

given sink reef by sampling within each pool of outgoing HT pheno-

types (i.e., at the reefs of origin) proportionally to the associated

source-sink dispersal probability. Hence, the distribution of HT phe-

notypes within a pool of incoming larvae reflects the contribution of

each source reef to larval supply73 A coral recruit is then assigned one

of the incoming HT phenotypes through random sampling (with

replacement).

Historical regime of environmental forcing
The model first simulates the recent (2008–2023) dynamics of coral

and CoTS populations from temporally- and spatially-realistic envir-

onmental regimes20 (Supplementary Fig. 1b). To ensure model simu-

lations accurately reflect real-world conditions, the cover of each coral

taxonomic group at each individual reef is initialised based on histor-

ical observations from monitoring data (see details in ref. 20). As in

previous applications of the model, coral and CoTS larval connectivity

(i.e., source-sink dispersal probability) is derived from biophysical

simulations of larval dispersal64,74 performed over six spawning sea-

sons (water year 2010, 2011, 2012, 2014, 2015 and 2016) using a three-

dimensional hydrodynamic model of the GBR75. For corals, larval par-

ticles were released at actual spawning dates following historical

observations of mass coral spawning across the GBR, resulting in a

total of 25 simulated spawning events74. For CoTS, four spawning

events were simulated for each spawning season64. For both coral and

CoTS, connectivity matrices from multiple spawning events were

combined to create a single matrix for each of the six water years (see

details in refs. 64,74). The resulting annual connectivity matrices were

applied as a recursive chronological sequence over the 2008–2023

period20. Past exposure to cyclones was reconstructed from sea-state

predictions of wave height26 paired with estimates of cyclone category

inferred from the closest distance to actual cyclone tracks76. Historical

heat stresswasdetermined from satellite-derived records ofmaximum

annual DHW at 5-km resolution from NOAA Coral Reef Watch21.

Suspended sediment concentrations were inferred from

2010–2018 simulations of the eReefs coupled hydrodynamic-

biogeochemical model75,77. CoTS management was simulated by cul-

ling CoTS populations on a per reef basis60 following the CoTSControl

Program implemented across the GBR Marine Park. Hindcast coral

cover reconstructions between 2008–2023 were simulated by

repeating 20 stochastic runs of the historical environmental regime. In

each run, normally-distributed noisewas injected into themechanisms

of population initialisation, recruitment and mortality events across

individual reefs. This process generates demographic fluctuations

reflecting the natural variability of reef populations.

Forecast scenarios of environmental forcing
Scenarios of future heat stress during the twenty-first century were

developed using an ensemble of coupled atmosphere-ocean general

circulation models (AOGCMs) of the CMIP6 database29. AOGCMs

simulate possible future climates at regional scales under the Shared

Socioeconomic Pathway (SSP) framework, a set of alternative scenar-

ios of societal and economic development leading to different

trajectories of atmospheric carbon concentrations10. We extracted

climate projections simulated daily between 2014 and 2100 by ten

AOGCMs (Supplementary Table 1) under five scenarios of GHG emis-

sion entailed in the last Intergovernmental Panel on Climate Change

(IPCC) Assessment Report1 (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0,

SSP5-8.5). SSP1-1.9 and SSP1-2.6 are two scenarios of strongmitigation,

in which global warming by 2100 is limited to 1.5 °C and 2.0 °C above

preindustrial (1850–1900) levels in line with the 2015 Paris Agreement

targets. SSP2-4.5 is an intermediate scenario in which GHG emissions

remain around contemporary levels until the middle of the century,

with end-of-century warming estimates around 2.7 °C above pre-

industrial temperatures. SSP3-7.0 and SSP5-8.5 are non-mitigation

scenarios with atmospheric carbon concentrations doubling from

current levels by 2100 and 2050, respectively, leading to global

warming around 3.6 °C and 4.4 °C.

As a result, an ensemble of 47 climate realisationswereavailable at

coarse spatial resolution (80–500 km), with SSP1-1.9 being only avail-

able for seven AOGCMs (Supplementary Table 1). Each daily warming

projection was downscaled to 10 km using semi-dynamical shelf-sea

modelling across the 0–50m depth range30,78. Briefly, surface-level

atmospheric variables predicted by AOGCMs were combined with

high-resolution bathymetry and tidal forcing to simulate daily sea

surface temperatures (SST) based on local physical properties of the

water column. For each downscaled SST projection, DHWs were cal-

culated as the daily summation of SST anomalies exceeding 1 °C above

the maximum monthly mean temperature (MMM) over a 12-week

running window, following ref. 21. The MMM of each 10-km pixel was

calculatedover theperiod 1985–2012 from theNOAACoralReefWatch

climatology21. Annual maximum DHWs were calculated over an “aus-

tral year” (August to July) to avoid the double counting of bleaching

events across two calendar years during austral summers, and

assigned to each of the 3806 reefs based on the closest 10-km pixel.

Because only one warming realisation was available for each

AOGCM/SSP, the resulting future for anygiven reef is one series of heat

stress events occurring at specific times (i.e., years). To allow for

fluctuations in the timing of future coral bleaching, we generated

20 stochastic sequences of heat stress between 2024–2100 for each

warming scenario. This was achieved by randomly sampling, without

replacement (i.e., shuffling), the DHWs predicted for all reefs within

each decade, generating an ensemble of 940 stochastic warming

futures. By shuffling the DHW years for all reefs together within each

decade individually, we ensured that the spatial distribution of heat

stress was preserved for any given DHW year, while maintaining the

long-term warming trend forecasted by each climate model.

Each of the 20 stochastic DHW futures of a given AOGCM/SSPwas

paired with one of the 20 stochastic hindcast reconstructions and one

specific timeseries of 20 stochastic future (2024–2100) of cyclone

tracks79. Applying the same scenarios of future cyclones with each

AOGCM/SSP ensures consistency in the comparison of warming sce-

narios. Hindcast spatial distributions of suspended sediments and

coral/CoTS larval connectivity were applied in recursive sequences

until the end of the century (Supplementary Fig. 1b).

Ecosystem projection analysis
A key uncertainty in projections of future climate change is the sen-

sitivity of global warming to GHG emissions80. Equilibrium Climate

Sensitivity (ECS), which quantifies the increase in global temperature

resulting from a sustained doubling of CO2 concentrations, is a stan-

dardised measure for comparing the sensitivity of different AOGCMs

to changes in GHG forcing81. While our selection of AOGCMs covers a

broad spectrum of ECS values (2.6 – 5.3 °C, Supplementary Table 1),

caution has been raised over the selection of models associated to

unrealistically high ECS38,39. Equilibrium climate sensitivity is very likely

(90% probability) to lie between 2.3–4.7 °C (ref. 82), yet a significant

number ofCMIP6models have anECS value above this range38,81.While
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thewarming projections of these ‘hot’models39 are biased towards the

high end, they cannot be ruled out as implausible81,82.

To avoid biased projections favouring excessive warming, we

assessed future reef health and associated uncertainty by assigning

weights to each eco-evolutionary simulation based on the likelihoodof

the ECS of the underlying AOGCM. First, we inferred the relative like-

lihood of each AOGCM (Supplementary Fig. 11) given its ECS value

based on a Bayesian-derived probability distribution of Earth’s climate

sensitivity82. Then, we employed bootstrap sampling within each SSP

ensemble of simulations (140 runs for SSP1-1.9, 200 runs for all other

SSPs) to randomly select eco-evolutionary runs. In this process, a

bootstrap sample for a given SSP comprises 20 runs of themodel, one

for each scenario of future cyclones paired with one sequence of DHW

drawn from the available AOGCMs using the associated likelihood as

the weighting factor. This approach ensures that (1) cyclone variability

is equally represented across all bootstrap samples, (2) final projec-

tions are constrained by the most realistic warming limits and (3) all

AOGCMs are considered for a reliable assessment of uncertainty

around future warming. A total of 1000 bootstrap samples were con-

structed for each SSP scenario.

For each individual run, percentage total coral cover, density of

coral juveniles (defined as coral diameter between 1–5 cm)and thermal

tolerance for each coral taxonomic group was averaged across all

individual reefs using their log-transformed area as weight. For every

SSP ensemble, these ecological metrics can be tracked through a dis-

tribution of 20,000 estimates (20 runs × 1000 bootstrap samples)

obtained at yearly intervals from 2008 to 2100.

Drivers of ecosystem changes
In any given simulation, some reefs fare better than others. Our goal

here was to identify the drivers of success and compare them among

SSPs and between the mid- and late centuries. For each AOGCM and

SSP, we took 20 independent simulations of the dynamics of all 3806

reefs until 2100. This resulted in between 532,840 and 761,200 indi-

vidual reef trajectories per SSP, depending on the number of AOGCMs

available. Two census dates were created: 2050 (for mid-century),

when stress levels approachmaximum for the lowemissions scenarios,

and 2100 (for late century), when stress levels diverge greatly among

SSPs. We then took all simulations for a given time period (e.g., mid-

century) andnormalised thepredictors and response (total coral cover

per reef) by z-score. Responses were normalised to ignore differences

in the absolute cover between census years. Predictors were normal-

ised because of diversity in their units of measurement (Supplemen-

tary Table 2). The only exception was the cumulative number of larvae

arriving at reefs in the last 5 years due to high variability in z-scores and

the need to use the log of larval supply to stabilise variance.

The role of predictors on future reef state was evaluated using

simple linearmodels83. We did not include randomeffects sincewe did

not intend to create a model for future prediction and their incor-

poration could mask desirable insights. For example, a random (or

fixed) effect might help explain why reefs under one climate model

fared better, on average, than those under another climate model, but

this is a distraction from our perspective; our primary interest is that

healthier reefs were associated with, e.g., less frequent bleaching

events, which happened to occur less often in some models than

others. We do not provide estimates of predictor significance because

the data result from models and any variable can become significant

with enough simulations.

Predictors of relatively healthy reefs were identified using two

methods. First, the explanatory power of the transformed predictor in

the linear model, represented by the partial coefficient of

determination84 (R2). The second was more complex because we

wished to provide a comparable measure of the impact of each vari-

able on reef state, recognising that most predictors are measured on

different scales. To do this we first rescaled the model coefficient of

each predictor so that it reflected units of the original predictor’s

impact on coral cover. In order to provide some parity among pre-

dictors with different units, we rescaled the effect size so that it mea-

sured the change in coral cover associated with a 10% increase of the

predictor across its range. For example, a result of 4% cover associated

with metric X implies that a 10% increase within the range of metric X

would increase average coral cover by 4 units of cover, with all else

being equal.

Sensitivity analyses
We assessed the sensitivity of future coral cover predictions to the

input parameters that most strongly influence the key processes

driving eco-evolutionary dynamics and resilience of corals: suscept-

ibility to heat stress, thermal adaptation, recovery potential, larval

supply and susceptibility to cyclones and CoTS outbreaks. As a result,

13 parameters were selected (Supplementary Table 3) and two sensi-

tivity analyses were performed.

First, we varied each parameter independently by ± 20% while

holding the others constant, simulating a single scenario of future

cyclones under three warming projections (SSP1-2.6, SSP2-4.5,

SSP3-7.0) of the MIROC-6 climate model. The impact of the

change in each parameter was assessed in terms of both absolute

(Supplementary Fig. 14) and relative (Supplementary Fig. 15) dif-

ferences in projected GBR mean coral cover. Among recovery-

related parameters, colony growth and maximum settler density

had the strongest effects, causing up to ± 35% variation in mean

coral cover—equivalent to ± 5 percentage points under SSP1-2.6,

and less than 2 percentage points under higher warming, when

mean coral cover drops below 10%. Variations in the limits of heat

tolerance caused up to ± 30% change in the mean coral cover

after mid-century, with broader limits ( ± 9.6 °C-weeks) improving

coral cover up to ~5 percentage points under SSP1-2.6. In con-

trast, changes in the heritability of heat tolerance had minimal

impacts. Variations in depth-attenuation of DHW and the spread

(standard deviation) of naive heat tolerance led to ± 20% variation

( ± 2.5 percentage points under SSP1-2.6). Parameters controlling

the impact magnitude of cyclones and CoTS had marginal effects.

Second, a global sensitivity analysis was conducted to assess the

influence of each parameter in the context of interactions with others.

Here, 100 simulations of the same SSP1-2.6 scenario were run, ran-

domly sampling all parameters from uniform distributions within their

± 20% range. Parameter influence was captured by fitting a linear

model to the resulting relative changes in GBR mean coral cover

(n = 100 predictions) extracted at different time points (Supplemen-

taryFig. 16). Colonygrowthandmaximumsettler density remained the

most influential parameters throughout the century, withmean effects

up to ±25% and ±16%, respectively. The influence of heat tolerance

limits increased over time, reaching ±17% by the end of the century.

Depth attenuation of DHW and the spread of naive heat tolerance had

mean effects up to ±9%. Notably, cyclone impact magnitude had a

substantial effect (±18%)—undetected in the first analysis—suggesting

significant interactions with other parameters.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
Data used and produced by this study are available at the GitHub

repository https://github.com/ymbozec/GBR.7.0_Futures_CMIP685.

Maps were created using the geospatial datasets ‘Great Barrier Reef

Features (GDA94)’ (Figs. 1a and 4a) and ‘GBR10 GBRMP Geomorphic’

(Fig. 4b) provided by the Great Barrier Reef Marine Park Authority’s

Reef Geohub platform (https://reef-geohub-ext-geohubgbrmpa.hub.

arcgis.com/).
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Code availability
The code of ReefMod-GBR developed for this analysis is available at

the GitHub repository https://github.com/ymbozec/REEFMOD.7.0_

GBR86. All figures and analyses supporting the findings of this paper

can be reproduced with the code and data available at the GitHub

repository https://github.com/ymbozec/GBR.7.0_Futures_CMIP685.
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