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Climate change impact syntheses, such as those by the Intergovernmental
Panel on Climate Change, consistently assert that limiting global warming to
1.5°C is unlikely to safeguard most of the world’s coral reefs. This prognosis is
primarily based on a small subset of available models that apply similar ‘excess
heat’ threshold methodologies. Our systematic review of 79 articles projecting
coral reef responses to climate change revealed five main methods. ‘Excess
heat’ models constituted one third (32%) of all studies but attracted a dis-
proportionate share (68%) of citations in the field. Most methods relied on
deterministic cause-and-effect rules rather than probabilistic relationships,
impeding the field’s ability to estimate uncertainty. To synthesize the available
projections, we aimed to identify models with comparable outputs. However,
divergent choices in model outputs and scenarios limited the analysis to a
fraction of available studies. We found substantial discrepancies in the pro-
jected impacts, indicating that the subset of articles serving as a basis for
climate change syntheses may project more severe consequences than other
studies and methodologies. Drawing on insights from other fields, we propose
methods to incorporate uncertainty into deterministic modeling approaches

and propose a multi-model ensemble approach to generating probabilistic
projections for coral reef futures.

Anthropogenic climate change is anticipated to propel large compo-
nents of the Earth’s system beyond critical climate tipping points
(CTPs), initiating feedback-driven change and impacts across biophy-
sical systems'. These components, known as ‘tipping elements,” are
distinguished by their significance in Earth’s system functioning, their
substantial contributions to human well-being, and their unique value'.
A notable example is the projected dieback of the Amazon rainforest
that could release gigatons of carbon into the atmosphere and accel-
erate global warming'. Although the concept of CTPs has been sub-
ject to debate*”, a recent synthesis delivered a shortlist of nine global
and seven regional elements at risk'. Global tipping elements, such as
the Amazon rainforest and West Antarctic Ice Sheet, refer to compo-
nents spanning subcontinental scales that could alter the operation of

Earth’s system'. Regional tipping elements represent biospheres
expected to exhibit perpetual feedback at confined scales that have
the potential to occur synchronously across subcontinental scales,
including for example, the simultaneous melting of alpine glaciers.
Among the shortlisted regional elements at risk are warm-water coral
reefs, which are deemed vulnerable to exceedance if global warming
surpasses 1.5 °C above preindustrial levels"*’.

Low-latitude reefs, as some of Earth’s most biodiverse
ecosystems®, have reached a critical juncture where further dete-
rioration could compromise global food supply, coastline protection,
economic revenue, and the livelihoods of up to one billion people’™.
Their inclusion as a regional tipping element was based upon historical
evidence of near-synchronous coral bleaching events spanning
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>1000 km scales™?" and projections indicating progressive degrada-
tion of reefs under modest levels of global warming'*™. Although coral
bleaching is regarded as a localized process, near-synchronous
bleaching events on many of the world’s reefs have occurred as a
result of concomitant increases in ocean temperatures across the
tropics®. These phenomena are expected to become more frequent,
intense, last longer, and affect wider geographic areas with future
warming'$%,

The most recent CTP synthesis followed the same confidence
rating system used by the Intergovernmental Panel on Climate
(IPCC)"*. It identified a CTP of 1.5°C (1-2°C, high confidence) for
tropical coral reefs, with an estimated timescale of 10 years for
dramatic change (with medium confidence)’. In high agreement
with findings of the IPCC*?*, the synthesis cited several modeling
efforts using similar ‘excess heat’ modeling approaches as the basis
of the assessment™*". These approaches apply thresholds - in the form
of degree heating weeks or months - that represent an accumulation
of excess heat above baseline summer conditions. These thresholds
are then applied to sea surface temperatures (SSTs) and forced
by different emissions scenarios in an effort to retrieve the likelihood
of future bleaching events* . Such models analyze the frequency
of bleaching events and estimate the proportion of reef locations
at risk of ‘long-term degradation’ or ‘severe bleaching events’, produ-
cing estimates with high coherence among studies'". The resulting
CTP of 1.5 °C (1-2 °C) places warm-water reefs among the six elements
at risk of exceeding their tipping points within the global warming
range set by the Paris Agreement (1.5-<2°C)". This finding aligns
with the conclusions of Working Group II's contribution to the
IPCC’s 6th Assessment Report (AR6)* and raises concerns over
imminent impacts to marine biodiversity, human livelihoods, and
the effectiveness of interventions to alleviate further coral reef
degradation.

The earliest studies to project coral reef responses to future glo-
bal warming utilized ‘excess heat’ threshold approaches* . Put sim-
ply, these methods operate under the notion that widespread
bleaching predictably occurs when temperatures accumulate beyond
a specific threshold. While many investigations show that ‘excess heat’
threshold metrics have strong predictive relationships with bleaching
events'>?*¥, others have found these metrics to have weak predictive
power when applied to historical bleaching records*?*. These
inconsistencies indicate that the effectiveness of ‘excess heat’ thresh-
old metrics may depend on the specific context*. In the mid to late-
2000s, a consensus emerged that differences in bleaching suscept-
ibility between locations were best explained by multiple modifying
variables*, which eventually led to development of alternative model-
based approaches. Since then, various approaches, such as species
distribution models, ecology-evolutionary models, and models of
reef population dynamics have been applied. However, influential
syntheses of climate change impacts largely overlook these later
developments, relying on projections derived exclusively from ‘excess
heat’ threshold approaches that apply similar assumptions and
parameterizations™*?>*>32,

Despite the growing body of literature projecting coral reef
futures and their prominent role in assessments of climate change
impacts, a comprehensive evaluation of available projections is lack-
ing. Here, we address this requirement by conducting a systematic
review of published projections of coral reef futures under climate
change in isolation or in combination with other pressures. We first
review existing approaches to project coral reef futures and their use in
the scientific literature, and then identify key gaps in knowledge that
currently contribute to uncertainties. We also disarticulate how les-
sons from the field of climate change science can provide pathways for
improving coordination of modeling efforts toward greater certainty
in projections of coral reef futures.

Results and discussion

Approaches for projecting coral reef futures

A search of articles in the peer-reviewed literature found 79 studies
published between 1999 and 2023 that modeled coral reef responses
to future climate change (Supplementary Data 1). While most studies
delivered projections for distinct geographical regions (59% of the
studies), a considerable proportion offered global-scale predictions
(41%) (Supplementary Data 1 & Supplementary Table 1). We found six
studies in our literature search that provided projections for individual
reef ecosystems® %, However, these studies were excluded to ensure a
comparable synthesis with most other assessments at regional and
global scales. The majority of articles in our database (76 of 79) could
be classified into five broad categories of methodologies: ‘excess heat’
threshold models, population dynamic models, species distribution
models (SDMs), ecological-evolutionary models, and projective meta-
analyses of published data.

‘Excess heat’ threshold models. ‘Excess heat’ threshold models
integrate thermal threshold metrics assumed to predict the likelihood
of severe coral bleaching with future sea surface temperature (SST)
projections to forecast future instances of bleaching events. These
models usually adopt a specific frequency of events exceeding the
thresholds, such as two severe bleaching events per decade'****°, that
is estimated to preclude long-term recovery. This assumption permits
the estimation of reef cells (e.g., 0.5° x 0.5° pixels on the Earth’s sur-
face) that are at risk of ‘long-term degradation™*" or ‘severe bleaching
events™™*, according to the threshold and frequency of events set.
Although these models have the advantage of utilizing a method that
can be applied to broad geographical scales and incorporate other
moderating factors without the need for detailed in situ data, they
rarely perform any direct assessments of biological or ecological
processes'*>**¢_ This approach was the most prevalent model type in
our analysis (32%) (Fig. 1a) and attracted a disproportionately higher
number of cumulative citations (68%) than all other model types
(Fig. 1b). This trend can be partly attributed to this method’s dual role
as the foundation for satellite products that are used to alert the risk of
coral bleaching'*®, and its widespread adoption as the primary
method for global-scale projections in the field (Supplementary Data 1
& Supplementary Table 1).

Population dynamic models. Articles examining the consequences of
climate change on the dynamics of coral reef populations accounted
for 23% of the analyzed studies (18 of 79) (Fig. 1a). Population dynamic
models typically employ a process-based approach to simulate the
impacts of warming on crucial ecological and biological processes.
They consider factors such as coral recruitment***°, colony growth®*,
coral basal mortality™, predation®>**, herbivory®, and the interactions
between coral and algal populations®, including competition for
space™*°. By incorporating such mechanisms, population dynamic
models provide detailed mechanistic frameworks of how coral reef
states could change with warming. These models have been used to
simulate connectivity between reef ecosystems, by considering
alterations in the physical transport of coral larvae and the expected
physiological impacts of warming on larvae***>*’. They have also been
used to evaluate the efficacy of management strategies, such as
increased control of crown-of-thorns starfish (CoTS) and reductions in
local nutrient inputs®****%, However, a significant drawback of these
approaches is their reliance on detailed ecological and biological data,
which are available only for a few taxa and locations™. As a result, the
majority of population dynamic studies (17 out of 18) focused on
regional geographical scales (Supplementary Data 1 & Supplementary
Table 1). Despite accounting for nearly one-quarter of the studies
in our database, these models received only 13% of the cumulative
citations (Fig. 1b).
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Species distribution models. Species distribution models (SDMs),
also known as niche models, establish correlations between the
occurrence or abundance of species and environmental data in geo-
graphic space. In turn, they project changes in the distribution of
suitable habitat under future environmental conditions®°. Nearly
one-quarter of the studies in our database (23%) applied SDMs to
forecast the effects of climate change on coral reefs. Despite the equal
contribution of SDMs and population dynamic models to our database
(Supplementary Data 1 & Supplementary Table 1), they received
even fewer cumulative citations than population dynamic models,
accounting for <7% of the total cumulative citations (Fig. 1b). The SDMs
primarily focused on assessing changes in suitable areas for coral
reefs under future climate change scenarios (78% of the SDMs)
and accounted for 25% of studies offering global-scale projections
(Supplementary Data 1). By identifying the conditions that support
historical or present-day coral reefs and simulating future changes in
environmental variables, the models project shifts in suitable
habitats®'**. This approach permits large-scale projections that con-
sider multiple physical parameters, even with limited field
sampling®®, making SDMs cost-effective tools. Although the wide-
spread adoption of SDMs amplifies their value for comparing a diverse

a Publications

et All articles
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range of responses across marine and terrestrial ecosystems®®®’, a
recent systematic review showed that SDMs may have significant lim-
itations in accurately predicting the biology of real-world
populations®,

While climate-related data (e.g., mean SST) are used in SDMs
applied to coral reefs, other physical parameters such as light avail-
ability, current speed, and water depth can also be included®**>*°, The
most common physical parameters employed in the SDMs within our
database were SST and aragonite saturation®**>’*”!, which were com-
monly represented by their means (Supplementary Data 2). By pri-
marily relying on means of physical parameters, such models overlook
the well-recognized importance of environmental variability in influ-
encing coral reef responses to climate change, which includes cap-
turing the shapes and distributions of these parameters’’>, Another
major limitation arises from the assumption that the physical envir-
onment alone largely governs the natural distribution of warm-water
reefs. This key assumption overlooks key biological and ecological
processes, such as the influential role of larval dispersal and retention
in shaping reef distributions’*”, as well as the role of top-down con-
trols in the food web”®”°. Significantly, the biogeographic approach of
inferring past ecology largely disregards the potential for species’
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Fig. 1| Frequency of published articles and citations across major methodol-
ogies. Cumulative frequency of a all published articles (n=79) and articles classi-
fied into five broad categories of methodologies, and b citations of all published

articles and articles classified into the same five categories. Citations were extracted
from the Thomson Reuters Web of Science database. Source data are provided as a
Source Data file.
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niches to evolve through adaptive processes. This limitation can lead

to an underestimation of future distributions®.

Ecology-evolutionary models. Simulating the potential role of eco-
evolutionary processes in helping coral reefs to adapt to changing
ocean conditions has gained attention in this field (12% of the studies)
(Fig. 1). Eco-evolutionary models simulate the interplay between eco-
logical dynamics and evolutionary processes in response to changing
climatic conditions. The earliest eco-evolutionary models®*? (pub-
lished in 2009 and 2013) examined how heat-tolerant symbionts - the
phototrophic component of reef-building corals — could improve
coral heat tolerance through changes in the symbiont community and/
or evolutionary adaptation. Building upon similar frameworks used in
population dynamic models, more recent studies®* incorporate
species interactions and their abilities to adapt and disperse across
diverse environments. While nearly a third of these studies generated
global-scale projections (Supplementary Table 1 & Supplementary
Data 1), a significant challenge lies in the requirement for knowledge of
taxa-specific traits, genetic adaptation, and ecological dynamics, which
is lacking for most coral species and locations. As with population
dynamic models, the reliability of their projections for non-focal taxa
and regions can be influenced by the parameter estimations and
assumptions incorporated®.

While these studies do not aim to achieve spatial or ecological
realism, they provide essential insights into the potential role of
adaptation and key environmental drivers that help to inform con-
servation planning at local and regional scales®. For instance, recent
eco-evolutionary models reveal the importance of protecting net-
works of reefs to facilitate the migration of heat-tolerant larvae to
cooler waters, thereby facilitating evolutionary adaptation®**®°,
Despite the rising demand for conservation strategies that prioritize
the adaptive capacity of coral reefs and a deeper understanding of the
underlying mechanisms®*, these models attracted a minor propor-
tion of the cumulative citations (Fig. 1b).

Meta-analyses. Another approach to project coral reef futures con-
solidates data from published experimental manipulations. Repre-
senting a minority of the reviewed studies (5%) (Fig. 1), the identified
meta-analyses’**~°! shared a common aim of projecting the dual
impacts of ocean warming and acidification on biological processes
within reefs. They compile data from experiments that measure how
corals and other coral reef taxa respond to conditions that simulate
future warming and acidification scenarios. These data are then uti-
lized to parameterize models for estimating future coral responses
under various representative concentration pathway (RCP) scenarios.
The specific purposes of these meta-analyses range from estimating
changes in numerous biological responses of corals® to those that
exclusively focused on alterations in coral calcification processes” or
reef-wide calcium carbonate production®*°. Although data from coral
reef monitoring, rather than controlled experiments, arguably offer
more realistic insights into how reefs will respond to further warming,
our understanding of how reef organisms will react to ocean acid-
ification is primarily based on manipulative experiments®>®, Thus, one
significant advantage of these approaches is their capacity to con-
solidate the wealth of data derived from experiments to estimate how
future warming and acidification will interact and impact the biological
responses of reef organisms.

By aggregating data from numerous independent studies, meta-
analyses can help to resolve discrepancies among experimental
designs, locations, and species by uncovering overall patterns across
studies®. However, the data underlying the projections from meta-
analyses originate from short-term experiments?>*~', which fail to
measure important elements of resilience such as genetic adaptation®
and the complex ecological feedbacks that operate in natural reef
environments®™. It is important to acknowledge, however, that other

model types similarly rely on results from short-term acidification
experiments to parameterize their models'*">?®. Overall, the cumula-
tive frequency of citations based on these meta-analyses aligned with
their rarity in the field, equating to <3% (Fig. 1b).

Other emerging approaches. There are several other approaches to
examine coral reef vulnerability to future climate change. In addition
to the five approaches outlined above, one study adopted a spatial
modeling approach to project the combined effects of warming and
sea-level rise on the future coral reef growth rates in the South China
Sea”. Another integrated linear extension rates of corals from three
different islands in the same region with future SSTs to forecast coral
growth rates’®. One study used historical bleaching and sea surface
temperature records to project future bleaching probabilities in the
Indo-Pacific’’, while another regional-scale study focused on larval
connectivity and identified conservation areas with lower risks of coral
bleaching in the Amani Islands of southern Japan'®.

A standardized method for assessing the risk of ecosystem col-
lapse, the International Union for Conservation of Nature (IUCN) Red
List of Ecosystems (RLE), represents an emerging method”'**, The
RLE offers a standardized classification system that utilizes thresholds
for key variables to integrate diverse data'®'°'°, One study applying
this method used various coral reef datasets to model interactions
within western Indian Ocean reefs under future warming'®. The study
reported varying levels of regional vulnerability to ecosystem collapse,
ranging from ‘critically endangered’ to ‘vulnerable’ across the 11 eco-
regions examined'”. However, the ecosystem model’s assessment
excluded data on fishing pressure and rates of sedimentation, among
other variables, due to data scarcity across countries and regions.
There are at least four studies applying this method to coral reefs in the
Caribbean'"'”?, meso-America'®”, and the western Indian Ocean'*.
Together, they emphasize the need for improvements in the con-
sistency of monitoring efforts and advocate for the development of a
unifying framework to enable more conclusive risk assessments.

In summary, the discussed approaches span a spectrum from
simplistic models that minimize complexity to those incorporating
detailed mechanistic frameworks that address complex ecological and
evolutionary processes. While the latter approaches provide a deeper
understanding of the effects of climate change on essential ecological
and biological processes in warm-water reefs, their practical utility is
constrained by limited data availability.

How heat stress is modeled
Severe marine heatwaves that trigger mass coral bleaching events are
expected to become more intense, frequent, last longer, and affect
wider geographical areas as the planet continues to warm'®2°'”, While
the approaches discussed thus far encompass five distinct approaches
for forecasting coral reef futures, the underlying procedures for
modeling heatwaves and their impacts on reefs can be classified into
two overarching techniques (sensu?*). The first technique utilizes
thermal stress thresholds, which are defined as metrics requiring a
variable, such as SST, to surpass a pre-determined value®*. For studies
to be classified as threshold techniques, the use of these metrics had to
form the primary framework of the models that delivered projections.
The second technique represents approaches that abandon the central
threshold concept to focus on empirical relationships between con-
tinuous variables. Articles classified as using this approach could use
thermal stress thresholds, however, they had to be included as one of
numerous variables examined?*. Only one study in our database could
not be classified as using either technique. The study integrated var-
ious data sources, environmental variables, and analytic techniques,
including regression and association methods for projecting future
coral cover”.

Our analysis revealed that more than half of all the studies (53%)
employed thermal threshold techniques as the primary basis for their
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classified as using either of the threshold or continuous variable techniques’ and
four studies could not be classified as one of five major methodologies. These five
studies were excluded to enable a meaningful analysis, but see Supplementary
Data 2. Source data are provided as a Source Data file.

projections (Supplementary Data 2). Besides the exclusive use of this
method in ‘excess heat’ threshold models, around 40% of population
dynamic and eco-evolutionary models also relied on thresholds as the
basis for their projections (Fig. 2). Across the five major approaches
(Fig. 2), the most common threshold metrics applied were degree
heating weeks (DHWs) or months (DHMs), which calculate values
representing both the intensity and duration of heat stress events in
singular metrics.

One explanation for variations in the efficacy of thresholds
metrics in explaining realized coral bleaching is their inability to cap-
ture different marine heatwave characteristics, such as peak tem-
peratures, duration, and rates of heating. For instance, a historical
assessment spanning from 1985 to 2017 examined variations in SST
and showed that increases in accumulated heat stress, as measured by
two common threshold metrics, were predominantly attributed to
longer heating events affecting wider areas'®. However, the study
could not detect changes in peak temperatures or event frequencies
during the analyzed period, indicating the limitations of the metrics in
capturing changes in different heating variables'’®. A study by McCla-
nahan et al.” evaluated the effectiveness of heatwave variables in
explaining bleaching severity on 226 coral reefs and found that the
DHW metric explained 9% of the model variance. In contrast, peak
temperatures, the duration of cool temperatures, and temperature
bimodality were found to be stronger predictors of bleaching severity.
Several empirical studies have also reported that variables represent-
ing different marine heatwave characteristics were best at predicting
changes in coral cover’>'**°, For example, a study investigating the
power of 27 environmental factors in explaining changes in coral cover
on Indian Ocean reefs reported that temperature anomalies, tem-
perature variation, and the duration of cyclones were the best
predictors'®.

We found only one study projecting impacts on coral reefs that
directly compared model outputs derived from both thermal thresh-
old and continuous variable techniques’. This study revealed that a
DHW-based model projected more severe declines in coral cover in the
Indian Ocean compared to the multivariate approach that integrated
variables characterizing historical and future patterns of stressors. The

findings suggested that patterns of acute and chronic stressors could
be more influential than cumulative heat stress in predicting future
coral cover in certain regions’?, further highlighting the importance of
variable selection procedures in the modeling process. Although
there is substantial uncertainty in how climate change will morph
future thermal regimes, global databases of marine environmental
data provide many useful exposure and modifying variables for this
purpose’'™,

While thermal threshold metrics have acknowledged limitations,
they remain vital for established programs forecasting coral bleaching
risk using satellite-based products. Work has already been done to test
how well different degree heating algorithms explain coral bleaching
patterns at local, regional, and global scales in an effort to improve
their efficacy (e.g. refs. 112-115). New configurations of the operational
DHW algorithm hold promise in improving their ability to predict
instances of observed bleaching>'"'¢, although the extent to which
adapted algorithms improve predictability depends on the focal
region and spatial scale of the test. This suggests that researchers
could consider adapting different degree heating algorithms to pin-
point the most appropriate stress metric for their geography. Subse-
quently, these customized algorithms could be confidently applied to
projection models for the focal region. Several studies in our database
have shown how threshold choice affected their model
outputs?®046121718 "For example, one study reported divergent esti-
mates of bleaching onset timing when different inter-annual variation
thresholds were used™”.

Another major consideration is the future efficacy of threshold-
based metrics in reliably approximating instances of coral bleaching or
changes in other coral reef metrics. This is because most coral reefs
have already experienced a complex legacy of exposure to disturbance
and it is presently unclear by how much and to what extent organisms
have adapted or will adapt in future™ ', A recent study examined
intrapopulation variability of heat tolerance in corals from the western
Pacific Ocean'”. The study demonstrated that the most heat-tolerant
corals in their study required double the heat stress to induce
bleaching compared to their least-tolerant corals. When these differ-
ences in heat tolerance were translated into contrasting DHW
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thresholds and applied to an ambitious emissions scenario (SSP2 —4.5),
the study reported that the most heat-tolerant corals could potentially
experience annual bleaching events up to 17 years later than their less-
tolerant counterparts'. Overall, greater confidence in coral reef pro-
jections will depend on an increased number of projections derived
from methods that incorporate robust variable selection procedures
and a deeper understanding of how the thermal tolerances of corals
and other coral reef taxa may evolve under escalating stress levels
over time.

Addressing uncertainty through more coordinated modeling
efforts

Uncertainties in coral reef projections stem from various sources that
compound in the steps involved in generating the projections'”’. The
sources range from variations in the climate system that impact var-
ious modeling tools, such as General Circulation Models (GCMs)'*>'*,
to uncertainties in how future socioeconomic policies and technolo-
gies will affect future emissions trajectories?*. Uncertainties related to
the models themselves pertain to the model structure and parameter
settings used”>'%, which both rely on knowledge of the specific phy-
sical and ecological processes affecting how coral reefs will respond in
the future.

While the models reviewed here vary in their complexity and
underlying methodologies, most rely on deterministic rules to estab-
lish cause-and-effect relationships (Supplementary Data 2). Such
deterministic models do not directly incorporate uncertainty'® and
are inherently limited in their ability to account for uncertainties
stemming from interactions between physical and ecological factors
inherent to coral reefs. In contrast, models employing probabilistic
relationships can accommodate natural variation and uncertainty in
model input values and parameters by considering potential value
ranges and associated probabilities'”. While probabilistic models may
be deemed most suitable for capturing uncertainties in how coral reefs
will respond in the future'”'?, this field still faces significant issues in
establishing robust connections between key coral reef metrics and
satellite-derived data’7>'°*"°, These difficulties ultimately hinder the
reliability and utility of probabilistic models.

The question of how to account for uncertainty of deterministic
models poses a significant challenge. Uncertainty associated with the
model structure, specifically uncertainty about the cause-and-effect
relationships, is often difficult to quantify because this requires the
comparison of model outputs with real-world observations'”. How-
ever, it is possible to evaluate and then use uncertainty caused by the
model’s input values and parameters. The probable range of model
outputs can be examined by analyzing how these outputs behave
when model input values are changed within plausible ranges?°.
Some studies have evaluated how choices in model inputs and dif-
ferent assumptions affect the outputs of coral reef models (e.g.
refs. 55,72,130-133), though differences in model outputs are seldom
used to produce formal estimates of uncertainty arising from model
inputs. One approach to doing this is to conduct a formal uncertainty
analysis of different model outputs. A straightforward method for
conducting such an analysis is by applying Monte Carlo methods,
where variations in model inputs are drawn randomly, and the
resulting model outputs are treated as a random sample of the model
output distribution'”’ (e.g. refs. 55,130). Although effective in helping
to incorporate uncertainty into deterministic models, this approach
requires a substantial number of model runs.

Another approach is to apply a sensitivity analysis -~ a common
method to understand how changes in input values and/or parameters
of a model affect its output'”. Essentially, these analyses aim to pin-
point the input parameters to which the model output is most sensi-
tive. For example, if plausible changes in an input parameter value
induce large variations in the model output, this indicates that the
parameter value is highly uncertain. Conversely, if model outputs

remain stable, the analysis will indicate that the parameter value has
low uncertainty. These analyses can become computationally expen-
sive when all possible parameter values and their interactions are
tested in a step-wise manner. However, there are techniques to reduce
the number of model runs'?"*°, For instance, sensitivity analyses have
been applied to coral reef models by testing only the highest and
lowest plausible values of the biological parameters and adjusting
single parameter values by +10%"°",

While the model sensitivity analyses described above offer
ways to account for uncertainty caused by the model’s input values
and parameters within an individual study, it is possible to address
system and model uncertainty using multiple independent models
in an ensemble approach'”. For instance, in the field of climate
change science, atmospheric scientists initially faced issues with
fragmented data and disparate deterministic models when modeling
the Earth’s response to increasing greenhouse gas emissions™. By
the 1980s, coordinated data collection from weather stations and
satellites improved the accuracy of atmospheric-ocean GCM models™.
By 1988, the IPCC formed and used the Coupled Model Inter-
comparison Project (CMIP) to coordinate simulations using the
same emissions scenarios and model outputs™. This ensemble
approach combined diverse deterministic model types across research
groups to generate reliable probabilistic statements™. While
acknowledging that climate scientists only model a single system
compared to the thousands of interdependent and locally-adapted
species comprising coral reefs, adopting a multi-model ensemble
approach to generate probabilistic projections for coral reef futures is
feasible'>*%_ This, in turn, would help to highlight major sources of
variation and better characterize the extent of uncertainty of coral reef
futures under climate change. However, applying an IPCC ensemble-
like approach would initially necessitate improved coordination
among modelers and the selection of common output metrics and
emission scenarios.

Despite the growing body of studies forecasting coral reef futures,
there is presently no broad consensus on the optimal variables for
projecting coral reef vulnerability'®*'°*. This is reflected in the diversity
of variables used and the large proportion of studies delivering pro-
jections with metrics that prove challenging to translate to real-world
observations (Supplementary Data 1). Establishing a connection
between model outputs and real-world observations is not only crucial
for enhancing the practicality and usefulness of modeled projections
but also enables future assessments of the models’ ability to simulate
past conditions. More than half of the studies employing ‘excess heat’
thresholds presented their projections in terms of fractions of reef
cells at risk (52%), while SDMs typically provided estimates in terms of
fractions of reef cells with suitable habitats or relative changes in
habitat suitability (69%) (Supplementary Data 1). Although coral cover
serves as a widely used and accessible indicator for this purpose'*$,
projections of coral cover were delivered in less than a third of all
published studies in our database (29%).

While coral cover represents the most frequently simulated
metric directly linked to real-world observations, its effectiveness as a
singular measure is constrained'®*. The simplicity and accessibility it
provides comes with trade-offs, as it fails to encompass other crucial
aspects of reef health, including changes in community compositions
of corals, algae, and other key taxa essential for ecosystem functioning.
Transitions in coral communities in the western Indian Ocean and the
Great Barrier Reef have marked significant ecological shifts in response
to climate change®*'*°, highlighting the requirement for coordinated
simulations of numerous common reef variables to better capture
future coral reef vulnerability. Present coral reef assessment and
monitoring efforts, however, suffer from differences in methods and
the resulting datasets'**. Recommendations for unifying frameworks
to select common metrics to capture different dimensions of ecosys-
tem integrity and risk of collapse across ecosystems already exist'.
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Fig. 3 | Comparative effect-size analysis of projected impacts on coral reefs
among a small subset of available studies and three warming scenarios. Cal-
culated mean effect sizes (Hedges’ g+ 95% Cls) represent the magnitude of pro-
jected impacts on model outputs (i.e., coral reef metrics) across three global
warming scenarios (1.5-2 °C, 2-4 °C, and >4 °C). Model outputs (mean + 1 Std) used
in this analysis were extracted from n =39 individual modeled scenarios across
eight published studies, and represented in Fig. 4. Mean effect sizes were derived
from differences between projected estimates of coral reef metrics for the end-of-
century (2090-2100) and the baseline period (2000-2015) (cf. “Methods” section).

Hedges’ g, a common effect-size metric ranging from —e to +, signifies no impact
at zero, positive values indicate ecological benefits, and negative values signify
adverse effects. The 95% Cls represent variability among scenarios within each
study and warming scenario (Supplementary Data 3). Analyzed coral reef metrics
include percent reef cells at risk (black), percent habitat change (blue), and percent
coral cover change (red). Circles and triangles denote studies using thermal
threshold and continuous variable techniques for modeling heat stress, respec-
tively. Open symbols represent global-scale projections, while closed symbols
denote regional-scale projections. Source data are provided as a Source Data file.

However, coordination to select key metrics specific to coral reef
ecosystems for this purpose is still lagging. This recommendation is
further emphasized by studies utilizing the IUCN RLE classification
system to evaluate the risk of coral reef ecosystem collapse, which call
for enhanced coordination in monitoring coral reefs and improved
data quality and quantity'®"*,

There is currently no formal consensus on the most suitable
emissions scenarios for modeling coral reef futures. While the
number and type of emissions scenarios varied, the most frequently
used scenario in our database was RCP8.5 (CMIP5), representing
a high-emission scenario of -4.5°C global warming by the end of
the 2Ist century (Supplementary Data 2). Most studies applied two
emissions scenarios, typically comparing RCP8.5 (CMIPS) with a sce-
nario of lower radiative forcing such as RCP2.6 or RCP4.5 (CMIP5)
(Supplementary Data 2). Though subject to debate, recent analyses
show that observed trends in global CO, emissions are substantially
lower than those simulated by high-emission baseline scenarios such
as RCP8.5 (CMIP5)"*>*5, These studies suggest that this divergence
could widen throughout this century and conclude that such scenarios
should no longer serve as reference high-emission scenarios™*'*,
Given these developments and the release of the IPCC’s AR6 report?,
there is a pressing need for coordination to select the common emis-
sions pathways for modeling coral reef futures. This urgency is
underscored by the introduction of new socioeconomic pathways
representing novel levels of radiative forcing (1.9, 3.4, 7.0 Wm™),
already incorporated into recent projections for coral reefs
(e.g. refs. 17,146).

Comparison with a prevailing diversity in methodologies

A major challenge in synthesizing existing projections stems from the
diversity of coral reef metrics simulated and emissions scenarios used.
In other fields, meta-analyses have been employed to compile pub-
lished projections and compare the direction and extent of modeled
impacts across studies using diverse metrics'’'*®, These syntheses
adopt standardized effect-size metrics such as Hedges’ g. Calculated
based on relative differences between impacted and baseline (or
control) scenarios and weighted for variance, these metrics offer a
uniform measure for assessing the magnitude of anticipated
effects™”'*°, We focused on the three most commonly projected coral
reef metrics (fractions of reef cells at risk, fractions of reef cells
deemed habitable, and changes in coral cover). However, due to
reporting limitations in most published articles, we could extract
requisite data from only 39 modeled scenarios across eight studies
(Fig. 3 & Supplementary Data 3). We therefore consider this analysis to
be exploratory in nature to encourage future efforts, rather than
providing definitive or conclusive results.

Figure 3 illustrates mean effect sizes representing the direction
and magnitude of expected impacts on coral reef metrics across the
selected studies. The distribution of effect sizes among the studies is
influenced by a combination of factors: (1) varying assumptions on key
drivers, such as choices in future emissions scenarios, (2) methodo-
logical differences, including the choice of simulated coral reef metric
and the type and parameterization of the model, and (3) how the
results were reported, such as the number of, and agreement among
individual scenarios within each study. To help disentangle these
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Fig. 4 | Percent changes in coral reef metrics representing the model outputs
used in the analysis of Fig. 3. Percent change in mean estimates (1 standard
deviation) of model outputs (i.e., coral reef metrics) used in the analysis presented
in Fig. 3. Model outputs were extracted from n = 39 modeling scenarios across eight
published studies and converted into percent change for ease of interpretation.
Mean estimates of coral reef metrics for historical global warming levels of
0.86-0.96 °C represent the baseline period of the years 2000-2015. Mean esti-
mates of coral reef metrics categorized into for future warming scenarios of
1.5-2°C, 2-4°C, and >4 °C represent projections at the end of the century (years

2090-2100). Negative values for percent reef cells at risk (black), percent habitat
change (blue), and percent coral cover change (red) signify adverse ecological
impacts compared to a baseline of 0% (no effect), while positive values indicate a
positive effect direction, such as projections estimating increases in reef cell habitat
availability. Circles and triangles denote studies using thermal threshold and con-
tinuous variable techniques for modeling heat stress, respectively. Open symbols
represent global-scale projections, while closed symbols denote regional-scale
projections. Supplementary Data 3 provides a comprehensive list of individual
scenario descriptions. Source data are provided as a Source Data file.

factors, we aligned model outputs to baselines years between 2000
and 2015 (0.86-0.96 °C) and three end-of-century warming scenarios
(1.5-2°C, 2-4 °C, and >4 °C), which categorized the various emissions
scenarios used (Supplementary Data 3). We further categorized each
study based on whether it employed a thermal threshold or con-
tinuous variable technique in modeling heat stress and whether it
presented global or regional-scale projections (Fig. 3).

Nearly all studies projected negative impacts on the coral reef
metrics, but the relative sizes of these effects differed (Fig. 3). Articles
that used thermal threshold techniques tended to yield more negative
effect sizes than alternative methods (Fig. 3). Among the threshold
studies in the 2-4 °C scenarios, Teneva et al."” produced a relatively
small effect size, aligning with the study’s less severe and more variable
projections of reef cells at risk (Figs. 3 & 4). The projections by Teneva
et al'” cannot be easily compared with other threshold studies
reviewed here because of various methodological differences. In

contrast to the other studies", which applied global temperature
thresholds to estimate future bleaching frequencies, Teneva et al."”
used bleaching observations from Reef Base to test prediction meth-
ods in which thermal thresholds were determined by historical SST
variability. Accounting for historical climate experience might explain
why the projections by Teneva et al.'” deviated from most other
threshold studies in the analysis (Fig. 4). Importantly, Teneva et al."’
also defined reef cells at risk as grid cells characterized by at least a 50%
probability of experiencing 5-year mild or severe bleaching events
by 2100.

In future scenarios characterized by >4°C warming, articles
applying thermal threshold techniques consistently projected that
>93% of global reef cells will be at risk by the end of the century'*>%
(Fig. 4). However, the study by Maynard et al.*’ generated a notably
smaller effect size than Frieler et al."* and Anthony et al.>* (Fig. 3). Given
that the effect sizes were based on relative differences between the
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baseline and end-of-century scenarios and weighted for variance, this
discrepancy may be explained by the more severe and variable base-
line impacts modeled by Maynard et al.** (Fig. 4). The relatively large
effect size for Frieler et al.’s" projections occurred because of the
absence of any variance with the study’s drastic projections of reef
cells at risk (-100%, +0 Std) (Fig. 4). In contrast to the threshold stu-
dies, articles employing continuous variable techniques produced
effect sizes that were relatively modest, but variable (Fig. 3). This can
be attributed to the high variability in model outputs across the indi-
vidual scenarios, reflecting the distinct characteristics of different
coral reef provinces (Fig. 4). For example, projected changes in sui-
table habitats under >4 °C ranged from -99.9% (+3.1 Std) to +36.8%
(+3.1Std), and changes in coral cover varied from -100% ( + 25.4 Std) to
-19.2 (+25.8 Std) (Fig. 4).

How do our findings relate to the IPCC’s projections for coral
reefs? The IPCC’'s AR6 Summary for Policy Makers anticipates that
coral reefs will decline by 70-90% at 1.5 °C global warming, exceeding
99% at 2 °C (with high confidence)*'*°. Although the IPCC reports lack
a definition for coral reef “decline,” their assessments draw on pro-
jections from Schleussner et al.”> and Frieler et al.'*. The two studies
exhibit high agreement, collectively estimating that between 69.7%
(+42.2 1 Std) and 100% (+15.2 1 Std) of coral reef cells will be at risk
under scenarios of 1.5-2°C (Fig. 4). We find that these projections
generated effect sizes similar to those generated by alternative
methodologies under even the most pessimistic warming scenario
(Fig. 3). This suggests that the studies serving as a basis for recent
climate change impact assessments"*>** might project more severe
consequences for coral reefs than other approaches.

The main reason for the high coherence between Schleussner
et al.” and Frieler et al." is the minimal differences in their approaches
to modeling the frequency of bleaching events across global reef cells.
Both articles used the same model type and made analogous
assumptions, including their selection of global thermal thresholds
and frequency of heating events expected to impede reef recovery.
Overall, there are several factors that may explain the high variation in
expected outcomes for coral reefs. In contrast to Schleussner et al."
and Frieler et al., differences in model types, model parameterization,
and assumptions are likely important factors explaining differences in
the extent of expected impacts. While our analysis has limitations, it
underscores the importance of exercising caution when drawing
conclusions from a limited number of key studies and emphasizes the
need for enhanced coordination to transition toward a multi-model
ensemble approach.

Reporting uncertainty and metrics of model outputs
One of the fundamental, yet basic steps toward improving future
syntheses of modeled projections is the adherence to essential
reporting standards. While all studies in our database provided ample
data to facilitate interpretation of the study outcomes, most (89% of
studies) failed to report basic metrics for model outputs or sufficient
extractable data for measures of variation to be converted into the
same units. In many cases, challenges arose from the display of results
in figures and geographical maps that were not accompanied by ade-
quate supplemental information reporting extractable values. While
there is an increasing emphasis on depositing empirical data into
online repositories (e.g., Dryad, Figshare, and Zenodo), this is rarely
required for model outputs. Recognizing the necessity for reporting
and metadata availability standards, other fields focused on projecting
climate change impacts to biological systems have implemented
agreed-upon standards®**”"**, For instance, the IUCN established pre-
liminary reporting standards for species threat assessments based on
SDMs"!, which have been further refined in subsequent
publications®®*’,

Another vital component of studies projecting coral reef futures is
clarity over units of the metrics projected. Modeling studies simulate

changes using a diverse set of metrics that vary according to the
purpose of the study and ultimately communicate the extent and
nature of expected impacts on coral reefs. However, a lack of clarity
over the ecological or biological meaning of the projected variable and
the exact outcomes anticipated for coral reefs constrains the useful-
ness of projections in guiding effective decision making, management,
and conversation efforts.

While the vast majority explicitly define the metrics simulated,
some earlier studies provide indistinct descriptions (Supplementary
Data 2). For instance, several ‘excess heat’ threshold models simulate
the frequency of severe bleaching events to deliver projections as the
proportion of coral reef cells (e.g., 1° x 1° grid cells on the Earth’s sur-
face) at risk of ‘long-term degradation’ or ‘severe bleaching events’**™".
However, there is presently no agreed nomenclature of such states for
coral reefs, raising uncertainty as to their exact meaning and the
consequences involved. In some cases, subjective terms affect
the communication of projections in influential assessments of climate
change impacts, where terms like ‘losses of coral reefs™?, ‘corals being
lost”, and ‘coral reefs at risk”® are used interchangeably without
accompanying definitions. These terms could, in theory, be under-
stood to imply a range of outcomes for coral reefs, ranging from
reductions in live coral to the ecological collapse of entire reef eco-
systems. Clear and well-defined nomenclature is especially important
to in the context executive summaries addressing policymakers and
other stakeholders. In summary, establishing and adhering to stan-
dards for the comprehensive reporting and communication of pro-
jections, including associated uncertainties, would facilitate more
conclusive syntheses of coral reef projections in the future. This may
also involve setting standards for publishing metadata.

Toward ecologically relevant and restoration-compatible
spatial scales

The recent establishment of ambitious goals to restore biodiversity
(Kunming-Montreal biodiversity framework) has ignited a race to
identify effective strategies assisting decision-makers in implementing
successful mitigation and intervention efforts for coral reefs™. The
capacity of projection models to guide these strategies, however, is
challenged by the difficulties they face in detecting changes at prac-
tical scales”"™*. Almost half of the studies in our database (49%) pro-
vided projections at geographical resolutions lower than 0.25°
latitude x 0.25° longitude (Supplementary Data 2). In practical terms,
this roughly corresponds to grid cells with an area of 770 km? at the
equator — a size that is orders of magnitude larger than a typical
coral reef.

There are two main approaches to improve the spatial resolution
of global and regional models: statistical and dynamical downscaling
procedures™ (Table 1). Statistical downscaling estimates local-scale
climate variables from larger-scale climate models using statistical
methods, whereas dynamical downscaling uses regional numerical
models to simulate local conditions at a higher spatial resolution based
on global climate model outputs™. Among the 19 studies in our
database that applied downscaling techniques, the majority (85%) used
statically downscaled models to formulate their projections (Supple-
mentary Data 2). While statistical techniques are computationally
inexpensive, one major drawback is their inherent assumption that
patterns between large- and local-scale climates observed today will
remain unchanged in the future™ (Table 1). This assumption intro-
duces substantial uncertainty across decadal time frames'. On the
other hand, dynamical techniques explicitly model ocean dynamics
and are more likely to capture the key processes involved™® (Table 1).
These dynamical procedures, however, can still inherit biases present
in the large-scale climate models and face challenges in considering
how ocean dynamics may change over time™’"® (Table 1).

We found only one study that compared the performance of
statistical and dynamical downscaling procedures. The study by
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Table 1| Advantages and limitations of statistical and dynamical downscaling procedures. Adapted from ref. 196

Advantages

Limitations

Statistical downscaling

« Computationally inexpensive and requires minimal expertise

+ Assumes constant relationship between local and large-scale cli-
mate through time

« May correct for biases in GCMs

» May not capture climate mechanisms

« Can be applied in data-scarce regions

« Limited ability to capture variability and extremes

« More flexibility in models and scenarios

Dynamical downscaling
processes involved

« Simulates climate mechanisms and more likely to capture key

« Computationally demanding, requires specialized expertise, and
longer run-time

« No assumptions of the relationship between current and future

climate conditions

« Biases present in GCMs can extend and propagate to regional
scales

« Technology advances constantly improving availability of regional

climate models

« Results can be sensitive to uncertain parameterizations

« Limited flexibility, often tied to specific models and scenarios

Hooidonk and colleagues compared models of annual coral reef
bleaching in the Caribbean that were downscaled using either statis-
tical or dynamical procedures®. While there was a high level of
agreement between the projections produced by the two techniques,
the dynamically downscaled model detected an earlier onset of annual
severe bleaching linked to future changes in regional currents. In
contrast, the statistical procedure failed to detect these changes due to
its inability to capture local-scale features, such as eddies, which
influence warming levels leading to coral bleaching™®. Although these
results suggest that dynamical downscaling may outperform statistical
methods, further assessments of the relative costs and benefits of the
two techniques are warranted (Table 1). Downscaling techniques,
however, ultimately introduce an additional source of uncertainty.
Fortunately, the spatial resolution of global models is expected to
improve in the near term with the introduction of new data streams,
including higher-resolution satellites (e.g., Himawari**’) coming online.
This enhancement will improve sea surface temperature (SST) data
resolution and reduce the reliance on downscaling approaches'.

Geographical bias in modeled projections

It is well-documented that coral reef responses to climate change vary
across major coral reef provinces™'¢"'2, However, when analyzing the
landscape of climate projections, it becomes evident that there are
substantial geographic gaps that require attention (Fig. 5)'*'**, A sig-
nificant portion of the research provides global-scale projections,
which offer a broad perspective on climate patterns and anticipated
changes across coral reefs worldwide. While these global-scale pro-
jections provide valuable insights into overall trends, they lack the
necessary resolution and accuracy to provide detailed and reliable
information at more practical scales for management and intervention
purposes”™*, In contrast, regional-scale models usually benefit from
region-specific data and typically offer projections with finer spatial
detail, addressing the need for more localized information to inform
conservation efforts™®,

Our analysis shows that the availability of regional-scale models is
inconsistent across the world’s coral reefs. Provinces such as eastern
Australia and the Caribbean have received considerable attention and
have well-documented projections using various modeling approa-
ches (Fig. 5). However, other equally important coral reef provinces,
including the eastern Pacific (Costa Rica, Ecuador, and Mexico),
the western Atlantic (Brazil’s northeastern coast), the Indian Ocean,
and the Arabian Seas, lack regional-scale models (Fig. 5'°°). These
understudied regions thus heavily rely on less-tailored global assess-
ments for projections of future reef impacts in these locations. Many of
these provinces also suffer from a limited number of studies and
diversity of modeling approaches (Fig. 5). For example, projections for
the Arabian seas, the western Atlantic, and the eastern Pacific are
exclusively based on SDMs, which involve key assumptions and

limitations. Coral reef scientists are increasingly aware of this issue.
Addressing these gaps necessitates targeted efforts to enhance the
resolution and accuracy of global-scale projections, while simulta-
neously expanding the scope and diversity of regional and local-scale
projections and monitoring efforts. Such efforts are already underway
and essential in providing decision-makers with actional information
to manage climate change impacts on coral reefs at global, regional,
and local scales™*'*’,

Beyond the impact of warming

Although climate change is acknowledged as a dominant driver of
coral reef degradation, it is clearly not the only threat. The extensive
list of pressures includes ocean acidification'*®, sea-level rise'®,
deoxygenation'’’, cyclones", pollution’? as well as numerous biotic
pressures such as disease*?, pest species'””, and overfishing'*. How-
ever, the vast majority of studies in this review modeled the impacts of
warming alone or warming in combination with only one other stressor
(76% of studies) (Supplementary Data 1). In reality, coral reefs are
subject to ongoing climate change and a complex interplay of
numerous interacting pressures that operate across various temporal
and spatial scales.

Coral reef research has allocated significant effort to projecting
and understanding the combined impacts of climate change and ocean
acidification on coral reefs (Supplementary Data 1 & Supplementary
Table 2). On the other hand, our analysis revealed that 16 studies in the
database considered pollution to some extent, and four studies con-
sidered fishing pressure in their projections (Supplementary Data 1 &
Supplementary Table 2) Although ocean acidification will undoubtedly
have discernable effects on coral reefs'”, there are no practical solu-
tions available to mitigate ocean acidification, apart from the urgent
reduction of greenhouse gas emissions”®”’. In contrast, elevated
nutrients and fishing pressure are now well recognized to increase the
susceptibility of coral reefs to heatwaves”>7"°, and measures to
address these pressures are effective and practical®*'®', Local-scale
management actions to minimize pollution and regulate fishing have
already demonstrated success in reducing cumulative impacts to coral
reefs'®® particularly in Pacific nations where actions to manage reefs
have been implemented for centuries'®*.

A similar pattern exists for evaluating how pest species and dis-
ease will interact with climate change to shape the future of coral reefs.
In our analysis, we found only two investigations that delved into the
role of coral disease outbreaks in influencing coral reef futures under
climate change (Supplementary Data 1 & Supplementary Table 2)***?,
with one of these studies being limited to a simulation of a single reef.
The global study highlighted that future warming is likely to heighten
coral susceptibility to disease and identified specific locations where
targeted management could be implemented*. Although excluded
from our analysis due to the absence of future climate change

Nature Communications | (2024)15:2224

10



Article

https://doi.org/10.1038/s41467-024-46255-2

a Global

b Coral reef provinces

(3) | Arabian Sea
(3) [ Atlantic

‘Excess heat’ threshold models

Species distribution models

Projective meta-analyses

I Population dynamic models
Eco-evolutionary models

Species distribution models

‘Excess heat’ threshold models

——

‘Ab\¥

(16)  caribbean

Fig. 5| Association between major coral reef provinces and applied approaches
used to project coral reef futures. a represents the distribution of modeling
approaches used at a global-scale, and b represents the association between coral
reef provinces and the main methodologies used. The specific flow width is pro-
portional to the number of research articles applying each of the five main meth-
ods, while the numbers in parentheses indicate the total count of articles that
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generated projections for global reefs (a) or each reef province (b). See Supple-
mentary Data 1 for a full description of the focal geographic regions for each study
included in database (n =74). This diagram has been generated using the online
tool: Visual Paradigm (https://online.visual-paradigm.com). Source data are pro-
vided as a Source Data file.

projections, numerous predictive models serving as early warning
systems for coral diseases exist'®'¥. These early warning system
models have identified crucial drivers of disease outbreaks in various
regions, which could prove useful for refining existing models pro-
jecting coral disease outbreaks under future climate change scenarios.
Similarly, we identified only one study that simulated the impact of a
pest species in climate change scenarios for coral reefs (Supplemen-
tary Data 1 & Supplementary Table 2). This study assessed the potential
effectiveness of management strategies in addressing outbreaks of
CoTS and reducing cumulative impacts on the Great Barrier Reef**. The
urgency to address this area of uncertainty is underscored by the
ongoing coral disease outbreak in the Gulf of Mexico, which poses a
severe threat to coral reefs in the region™®'®, Disease outbreaks are
becoming increasingly concerning, affecting not only coral reefs but
also other marine life'*"”, highlighting the need for urgent attention
and action.

With the growing recognition of the need for intervention mea-
sures, particularly in line with the Kunming-Montreal biodiversity

framework’s objective of restoring 30% of degraded habitats by 2030,
projection models are likely to play a crucial role in guiding these
endeavors. Our analysis points toward a possible need to shift the
focus of future modeling experiments to better guide actions to
manage and restore coral reefs. This does not imply that modeling
studies should neglect stressors like ocean acidification, which are
expected to have long-term impacts with limited practical solutions.
Instead, modelers could consider prioritizing the inclusion of man-
agement and intervention scenarios, including coral reef restoration,
that integrate the modeled effects of global and regional pressures.
Just three of the 79 studies reviewed here included potential inter-
vention scenarios. Two of these studies explored unconventional
geoengineering solutions’®'*?, while one simulated the potential ben-
efits of demographic restoration and assisted evolution in enhancing
reef resilience®.

In summary, projections of coral reef futures at global, regional,
and local scales play a crucial role in informing discussions and policy-
making at various levels of governance. While recognizing the diverse
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objectives and methods employed in the reviewed articles, there is a
clear need for greater coordination in efforts to project coral reef
futures. Robust projections are vital for decision-makers and policy-
makers to implement effective strategies for coral reef management
and restoration, helping us achieve our climate, biodiversity, and
sustainable development goals. The recommendations presented here
propose tangible steps toward a greater understanding of the uncer-
tainty surrounding coral reef futures while also promoting transpar-
ency in reporting projections and communicating them to decision-
makers. Crucially, the success of these endeavors will depend on
interactive communication between the scientific community, policy-
makers, and local end-users.

Methods

Literature search and study selection

We searched the Thomson Reuters Web of Science database (http://
www.webofknowledge.com) to identify studies projecting the impact
of climate change on shallow tropical and sub-tropical coral reefs. The
search was performed on March 6, 2023, and retrieved 2705 peer-
reviewed articles. Our literature search strategy followed the guide-
lines of PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-analyses)'” (Supplementary Fig. 1). To synthesize the initial
database, we screened the title, abstract, and display items of each
article, resulting in the identification of 2073 potentially eligible arti-
cles to be included in our database (Supplementary Fig. 1). Publications
were then selected based on the following criteria: (1) projections
represented the responses of tropical and/or sub-tropical coral reefs to
future levels of warming alone or in combination with any other dri-
vers, (2) future emissions pathways and/or warming scenarios used to
force the simulations were stated, and (3) projections were modeled
across more than one reef site to be included in the database. The final
database consisted of 79 peer-reviewed articles published between
1999 and 2023.

Data extraction

We initially extracted the key characteristics of each study, including
the focal variable(s) simulated, model inputs, spatial scale, and focal
geographic area. We classified the models into five broad categories of
methodologies: (a) ‘excess heat’/threshold models, (b) population
dynamic models, (c) species distribution models, (d) ecological-
evolutionary models, and (e) meta-analyses of published data (see
the Main text for definitions). In a few cases where studies could not be
categorized, the model type was recorded as ‘other’ (Supplementary
Data 1). We further classified the studies according to the underlying
techniques used to simulate heat stress on reefs, as either threshold
techniques or continuous variable techniques (see the Main text for
definitions). We recorded each study’s purpose, underlying metho-
dological approach, key assumptions, spatial resolution, and applica-
tion of downscaling techniques (Supplementary Data 2). Finally, we
acknowledged the diverse range of approaches used to simulate coral
reef futures by summarizing the key advantages and limitations of
each study (Supplementary Data 2).

Study criteria and data analysis

A major objective of our study was to examine and compare the
magnitude of projected impacts and estimated uncertainties across
different model types. Meta-analyses offer a valuable approach to
aggregate evidence from multiple studies to provide a comprehensive
overview of current modeled projections'*’. The database of 79 studies
was considered for inclusion in the exploratory meta-analysis based on
specific criteria (view supplementary methods for detailed list and
Supplementary Fig. 1). Briefly, to enable a meaningful analysis, we
identified the three most common coral reef metrics used as model
outputs in our database. The first unit, usually expressed as a per-
centage of reef cells at risk of repeated severe bleaching events

(or ‘long-term degradation™*"), was a common model output of
‘excess heat’ threshold models (Supplementary Data 1). Both popula-
tion dynamic and ecological-evolutionary model types frequently
projected changes in percent coral cover, whereas species distribu-
tion/niche models usually simulated fractional changes in habitat
suitability (Supplementary Data 1). Among those, only studies that
provided: (1) sufficient data for projection estimates and uncertainty
measures to be reliably extracted or calculated, (2) reported end-of-
century projections, and (3) used a baseline period between 2000 and
2015, were selected for the exploratory meta-analysis. In cases where
projection and uncertainty estimates were only presented in figures,
values were extracted using PlotDigitizer (plotdigitizer.com), where
possible. When projection estimates and uncertainties were reported
as proportional values between 0 and 1, we converted these values to
percentages ranging from O to 100.

Among the initial pool of 79 studies, eight studies were
identified as containing quantitative data that could be extracted
and compared in our analysis. As such, due to the low number of
studies included, we consider this analysis to be exploratory in
nature. For each study, we calculated Hedges g effect sizes and
variance for all individual scenarios/trajectories (39 scenarios in total)
(Supplementary Data 3). The signs of the effect sizes (positive or
negative) were adjusted to align with the effect direction reported
by the individual studies. In this adjustment, a negative effect size
denotes a negative ecological response, while a positive effect size
indicates a positive ecological response (Supplementary Methods).
Hedges’ g quantifies the difference between the means of two
groups divided by the pooled standard deviations and was calculated
as follows:

J
g=(XP—XB)Xm @

where Xp and Xz are the estimate of end-of-century projections and
baseline data, respectively. J corrects for bias attributed to different
sample sizes by differentially weighting studies as follows:

j:1_<(4><(NP+I\?;B—2)—1)> @

Where Np and Np are the number of models used for projections and
baselines.
The s.d.poolea Was calculated as follows:

Np—1)x(s.d.p)’ +(Np—1)x (s.d.5)
S'd'pooled:\/<( . ) ( (I\;’P)+NE—HZ) ) ( B)> (3)
Variance for each scenario was calculated as:

[ (NN g
Ve~ ((NPXNB> ' <2x (NP+NB)>> @

All calculations were computed using the metafor package (v. 4.2-
0) in R (v. 4.3.0)"%.

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

Data availability

The source data supporting Figs. 1-5 are available in the Source Data
file. Supplementary Data Files 1-3 provide a summary of all other data
generated by this study, and the complete database is deposited in
Dryad (https://doi.org/10.5061/dryad.4f4qrfjkp)'”. Source data are
provided with this paper.
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Code availability
The R script needed to produce the analysis has been deposited in
Dryad (https://doi.org/10.5061/dryad.4f4qrfjkp)**.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Armstrong McKay, D. I. et al. Exceeding 1.5°C global warming
could trigger multiple climate tipping points. Science 377,
eabn7950 (2022).

Gatti, L. V. et al. Amazonia as a carbon source linked to defor-
estation and climate change. Nature 595, 388-393 (2021).
Steffen, W. et al. Trajectories of the Earth system in the anthro-
pocene. Proc. Natl Acad. Sci. USA 115, 8252-8259 (2018).
Lenton, T. M. et al. Climate tipping points—too risky to bet against.
Nature 575, 592-595 (2019).

Gaucherel C., Hély C. & Moron V. Tipping point interactions
may also generate weakening cascades. HAL Open Science,
hal-03854132 (2022).

Huss, M. & Hock, R. Global-scale hydrological response to future
glacier mass loss. Nat. Clim. Change 8, 135-140 (2018).
Schellnhuber, H. J., Rahmstorf, S. & Winkelmann, R. Why the right
climate target was agreed in Paris. Nat. Clim. Change 6,
649-653 (2016).

Barlow, J. et al. The future of hyperdiverse tropical ecosystems.
Nature 559, 517-526 (2018).

Sing Wong, A., Vrontos, S. & Taylor, M. L. An assessment of people
living by coral reefs over space and time. Glob. Change Biol. 28,
7139-7153 (2022).

Wilkinson C. Status of Coral Reefs of The World: 2004 (Global
Coral Reef Monitoring Network, 2004).

Costanza, R. et al. Changes in the global value of ecosystem
services. Glob. Environ. Change 26, 152-158 (2014).

Hughes, T. P. et al. Global warming and recurrent mass bleaching
of corals. Nature 543, 373 (2017).

Hughes, T. P. et al. Spatial and temporal patterns of mass
bleaching of corals in the Anthropocene. Science 359,

80-83 (2018).

Frieler, K. et al. Limiting global warming to 2 °C is unlikely to save
most coral reefs. Nat. Clim. Change 3, 165-170 (2013).
Schleussner, C.-F. et al. Differential climate impacts for policy-
relevant limits to global warming: the case of 1.5 °C and 2 °C. Earth
Syst. Dyn. 7, 327-351 (2016).

Dixon, A. M., Forster, P. M., Heron, S. F., Stoner, A. M. K. & Beger, M.
Future loss of local-scale thermal refugia in coral reef ecosystems.
PLoS Clim. 1, e0000004 (2022).

McWhorter, J. K. et al. The importance of 1.5 °C warming for the
Great Barrier Reef. Glob. Change Biol. 28, 1332-1341 (2022).
Oliver, E. C. et al. Projected marine heatwaves in the 21st century
and the potential for ecological impact. Front. Mar. Sci. 6,

734 (2019).

Holbrook, N. J. et al. Keeping pace with marine heatwaves. Nat.
Rev. Earth Environ. 1, 482-493 (2020).

Klein, S. G. et al. Projecting coral responses to intensifying marine
heatwaves under ocean acidification. Glob. Change Biol. 28,
1753-1765 (2021).

Mastrandrea, M. D. et al. The IPCC AR5 guidance note on con-
sistent treatment of uncertainties: a common approach across the
working groups. Clim. Change 108, 675 (2011).

IPCC. Climate Change 2022: Impacts, Adaptation, and Vulner-
ability. Contribution of Working Group Il to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (eds
Portner H.-O. et al.) 3056 (Cambridge Univ. Press, 2022). https://
doi.org/10.1017/9781009325844.

IPCC. Chapter 3: Impacts of 1.5 °C of Global Warming on Natural
and Human Systems. In An Intergovernmental Panel on Climate
Change (IPCC) Special Report on the Impacts of Global Warming of

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

1.5 °C Above Pre-industrial Levels and Related Global Greenhouse
Gas Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable Develop-
ment, and Efforts to Eradicate Poverty (eds Hoegh-Guldberg O.
et al.) 175-321 (Cambridge Univ. Press, 2018). https://doi.org/10.
1017/9781009157940.005.

McClanahan, T. Coral responses to climate change exposure.
Environ. Res. Lett. 17, 073001 (2022).

Hoegh-Guldberg, O. Climate change, coral bleaching and the
future of the world’s coral reefs. Mar. Freshw. Res. 50,

839-866 (1999).

Donner, S. D., Skirving, W. J., Little, C. M., Oppenheimer, M. &
Hoegh-Guldberg, O. Global assessment of coral bleaching and
required rates of adaptation under climate change. Glob. Change
Biol. 11, 2251-2265 (2005).

Donner, S. D. Coping with commitment: projected thermal stress
on coral reefs under different future scenarios. PLoS ONE 4,
e5712 (2009).

Eakin, C. M. et al. Caribbean corals in crisis: record thermal stress,
bleaching, and mortality in 2005. PloS ONE 5, 13969 (2010).
Skirving, W. et al. CoralTemp and the coral reef watch coral
bleaching heat stress product suite version 3.1. Remote Sens. 12,
3856 (2020).

Genevier, L. G. C., Jamil, T., Raitsos, D. E., Krokos, G. & Hoteit, I.
Marine heatwaves reveal coral reef zones susceptible to bleaching
in the Red Sea. Glob. Change Biol. 25, 2338-2351 (2019).
Fordyce, A. J., Ainsworth, T. D., Heron, S. F. & Leggat, W. Marine
heatwave hotspots in coral reef environments: physical drivers,
ecophysiological outcomes, and impact upon structural com-
plexity. Front. Mar. Sci. 6, 498 (2019).

IPCC. Chapter 5: Changing ocean, marine ecosystems, and
dependent communities. In Intergovernmental Panel on Climate
Change (IPCC) Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC) (eds Portner H.-O. et al.) 447-587
(Cambridge Univ. Press, 2019).

Edmunds, P. J. The effect of sub-lethal increases in temperature on
the growth and population trajectories of three scleractinian cor-
als on the southern Great Barrier Reef. Oecologia 146,

350-364 (2005).
Zvuloni, A., Artzy-Randrup, Y., Katriel, G., Loya, Y. & Stone, L.

Modeling the impact of white-plague coral disease in climate
change scenarios. PLoS Compuit. Biol. 11, €1004151 (2015).
Hafezi, M. et al. Adaptation strategies for coral reef ecosystems in
Small Island Developing States: integrated modelling of local
pressures and long-term climate changes. J. Clean. Prod. 253,
119864 (2020).

Edmunds, P. A quarter-century demographic analysis of the
Caribbean coral, Orbicella annularis, and projections of
population size over the next century. Limnol. Oceanogr. 60,
840-855 (2015).

Bay, R. A., Rose, N. H., Logan, C. A. & Palumbi, S. R. Genomic
models predict successful coral adaptation if future ocean
warming rates are reduced. Sci. Adv. 3, €1701413 (2017).
Bramanti, L., lannelli, M., Fan, T.-Y. & Edmunds, P. J. Using demo-
graphic models to project the effects of climate change on
scleractinian corals: Pocillopora damicornis as a case study. Coral
Reefs 34, 505-515 (2015).

Hoegh-Guldberg, O. Coral reef ecosystems and anthropogenic
climate change. Reg. Environ. Change 1, 215-227 (2011).
Langlais, C. et al. Coral bleaching pathways under the control of
regional temperature variability. Nat. Clim. Change 7,

839-844 (2017).

van Hooidonk, R. & Huber, M. Effects of modeled tropical sea
surface temperature variability on coral reef bleaching predic-
tions. Coral Reefs 31, 121-131 (2012).

Nature Communications | (2024)15:2224

13


https://doi.org/10.5061/dryad.4f4qrfjkp
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009157940.005
https://doi.org/10.1017/9781009157940.005

Article

https://doi.org/10.1038/s41467-024-46255-2

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Maynard, J. et al. Projections of climate conditions that increase
coral disease susceptibility and pathogen abundance and viru-
lence. Nat. Clim. Change 5, 688-694 (2015).

van Hooidonk, R., Maynard, J. A. & Planes, S. Temporary refugia for
coral reefs in a warming world. Nat. Clim. Change 3,

508-511 (2013).

van Hooidonk, R., Maynard, J. A., Manzello, D. & Planes, S.
Opposite latitudinal gradients in projected ocean acidification and
bleaching impacts on coral reefs. Glob. Change Biol. 20,
103-112 (2014).

Setter, R. O., Franklin, E. C. & Mora, C. Co-occurring anthro-
pogenic stressors reduce the timeframe of environmental viability
for the world'’s coral reefs. PLoS Biol. 20, e3001821 (2022).
Meissner, K. J., Lippmann, T. & Sen Gupta, A. Large-scale stress
factors affecting coral reefs: open ocean sea surface tempera-
ture and surface seawater aragonite saturation over the next 400
years. Coral Reefs 31, 309-319 (2012).

Schill, S. R. et al. Regional high-resolution benthic habitat data
from planet dove imagery for conservation decision-making and
marine planning. Remote Sens. 13, 4215 (2021).

NOAA Coral Reef Watch. NOAA Coral Reef Watch Version 3.1 Daily
Global 5 km Satellite Coral Bleaching Degree Heating Week Pro-
duct, June 3, 2013-June 2, 2014 (NOAA Coral Reef Watch, 2018).
Holstein, D. M., Smith, T. B., van Hooidonk, R. & Paris, C. B. Pre-
dicting coral metapopulation decline in a changing thermal
environment. Coral Reefs 41, 961-972 (2022).

Mumby, P. J., Wolff, N. H., Bozec, Y.-M., Chollett, I. & Halloran, P.
Operationalizing the resilience of coral reefs in an era of climate
change. Conserv. Lett. 7, 176-187 (2014).

Edwards, H. J. et al. How much time can herbivore protection buy
for coral reefs under realistic regimes of hurricanes and coral
bleaching? Glob. Change Biol. 17, 2033-2048 (2011).

Bozec, Y. M., Alvarez-Filip, L. & Mumby, P. J. The dynamics of
architectural complexity on coral reefs under climate change.
Glob. Change Biol. 21, 223-235 (2015).

McManus, L. C. et al. Extreme temperature events will drive coral
decline in the Coral Triangle. Glob. Change Biol. 26,

2120-2133 (2020).

Wolff, N. H., Mumby, P. J., Devlin, M. & Anthony, K. R. N. Vulner-
ability of the Great Barrier Reef to climate change and local
pressures. Glob. Change Biol. 24, 1978-1991 (2018).

Anthony, K. R. et al. Ocean acidification and warming will lower
coral reef resilience. Glob. Change Biol. 17, 1798-1808 (2011).
Bozec, Y.-M. & Mumby, P. J. Synergistic impacts of global warming
on the resilience of coral reefs. Philos. Trans. R. Soc. B Biol. Sci.
370, 20130267 (2015).

Kendall, M. S., Poti, M. & Karnauskas, K. B. Climate change and
larval transport in the ocean: fractional effects from physical and
physiological factors. Glob. Change Biol. 22, 1532-1547 (2016).
Kennedy, E. V. et al. Avoiding coral reef functional collapse
requires local and global action. Curr. Biol. 23, 912-918 (2013).
Robinson, L. M. et al. Pushing the limits in marine species dis-
tribution modelling: lessons from the land present challenges and
opportunities. Glob. Ecol. Biogeogr. 20, 789-802 (2011).

Pearson, R. G. & Dawson, T. P. Predicting the impacts of climate
change on the distribution of species: are bioclimate envelope
models useful? Glob. Ecol. Biogeogr. 12, 361-371 (2003).
Rodriguez, L., Martinez, B. & Tuya, F. Atlantic corals under climate
change: modelling distribution shifts to predict richness, phylo-
genetic structure and trait-diversity changes. Biodivers. Conserv.
28, 3873-3890 (2019).

Cacciapaglia, C. W. & van Woesik, R. Reduced carbon emissions
and fishing pressure are both necessary for equatorial coral reefs
to keep up with rising seas. Ecography 43, 789-800 (2020).

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Adam, A. A. et al. Diminishing potential for tropical reefs to func-
tion as coral diversity strongholds under climate change condi-
tions. Divers. Distrib. 27, 2245-2261 (2021).

Freeman, L. A., Kleypas, J. A. & Miller, A. J. Coral reef habitat
response to climate change scenarios. PloS ONE 8,

82404 (2013).

Couce, E., Ridgwell, A. & Hendy, E. J. Future habitat suitability for
coral reef ecosystems under global warming and ocean acid-
ification. Glob. Change Biol. 19, 3592-3606 (2013).

Araujo, M. B. et al. Standards for distribution models in biodiversity
assessments. Sci. Adv. 5, eaat4858 (2019).

Zurell, D. et al. A standard protocol for reporting species dis-
tribution models. Ecography 43, 1261-1277 (2020).

Lee-Yaw, J. A., McCune, J. L., Pironon, S. & Sheth, S. N. Species
distribution models rarely predict the biology of real populations.
Ecography 2022, e05877 (2022).

Bleuel, J., Pennino, M. G. & Longo, G. O. Coral distribution and
bleaching vulnerability areas in Southwestern Atlantic under
ocean warming. Sci. Rep. 11, 1-12 (2021).

Yara, Y. et al. Potential future coral habitats around Japan depend
strongly on anthropogenic CO, emissions. In Aquatic Biodiversity
Conservation and Ecosystem Services (eds Nakano, S., Yahara, T. &
Nakashizuka, T.) 41-56 (Ecological Research Monographs, Springer,
Singapore, 2016). https://doi.org/10.1007/978-981-10-0780-4_4.
Freeman, L. A. Robust performance of marginal Pacific coral reef
habitats in future climate scenarios. PLoS ONE 10,

0128875 (2015).

McClanahan, T. R. & Azali, M. K. Environmental variability and
threshold model’s predictions for coral reefs. Front. Mar. Sci. 8,
1774 (2021).

McClanahan, T. R. et al. Temperature patterns and mechanisms
influencing coral bleaching during the 2016 El Nifio. Nat. Clim.
Change 9, 845-851 (2019).

Munday, P. L. et al. Climate change and coral reef connectivity.
Coral Reefs 28, 379-395 (2009).

Wood, S., Paris, C. B., Ridgwell, A. & Hendy, E. J. Modelling dis-
persal and connectivity of broadcast spawning corals at the global
scale. Glob. Ecol. Biogeogr. 23, 1-11 (2014).

Munsterman K. S., Allgeier J. E., Peters J. R. & Burkepile D. E. A view
from both ends: shifts in herbivore assemblages impact top-down
and bottom-up processes on coral reefs. Ecosystems, 24, 1-14
(2021).

Adam, T. C. et al. Priority effects in coral-macroalgae interactions
can drive alternate community paths in the absence of top-down
control. Ecology 103, €3831 (2022).

Lapointe, B. E. Simultaneous top-down and bottom-up forces
control macroalgal blooms on coral reefs (Reply to the comment
by Hughes et al.). Limnol. Oceanogr. 44, 1586-1592 (1999).
McClanahan, T. R. The near future of coral reefs. Environ. Conserv.
29, 460-483 (2002).

Warren, D. L., Cardillo, M., Rosauer, D. F. & Bolnick, D. I. Mistaking
geography for biology: inferring processes from species dis-
tributions. Trends Ecol. Evol. 29, 572-580 (2014).

Baskett, M. L., Gaines, S. D. & Nisbet, R. M. Symbiont diversity may
help coral reefs survive moderate climate change. Ecol. Appl. 19,
3-17 (20009).

Ortiz, J. C., Gonzalez-Rivero, M. & Mumby, P. J. Can a thermally
tolerant symbiont improve the future of Caribbean coral reefs?
Glob. Change Biol. 19, 273-281 (2013).

DeFilippo, L. B. et al. Assessing the potential for demographic
restoration and assisted evolution to build climate resilience in
coral reefs. Ecol. Appl. 32, €2650 (2022).

McManus, L. C. et al. Evolution and connectivity influence the
persistence and recovery of coral reefs under climate change in

Nature Communications | (2024)15:2224

14


https://doi.org/10.1007/978-981-10-0780-4_4

Article

https://doi.org/10.1038/s41467-024-46255-2

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

the Caribbean, Southwest Pacific, and Coral Triangle. Glob.
Change Biol. 27, 4307-4321 (2021).

Matz, M. V., Treml, E. A. & Haller, B. C. Estimating the potential for
coral adaptation to global warming across the Indo-West Pacific.
Glob. Change Biol. 26, 3473-3481 (2020).

Kleypas, J. A. et al. Larval connectivity across temperature gra-
dients and its potential effect on heat tolerance in coral popula-
tions. Glob. Change Biol. 22, 3539-3549 (2016).

Colton, M. A. et al. Coral conservation in a warming world must
harness evolutionary adaptation. Nat. Ecol. Evol. 6,

1405-1407 (2022).

Torda, G. et al. Rapid adaptive responses to climate change in
corals. Nat. Clim. Change 7, 627 (2017).

Cornwall, C. E. et al. Global declines in coral reef calcium carbo-
nate production under ocean acidification and warming. Proc. Nat!
Acad. Sci. USA 118, 2015265118 (2021).

McNeil B. I., Matear R. J. & Barnes D. J. Coral reef calcification and
climate change: the effect of ocean warming. Geophys. Res. Lett.
31, L22309 (2004).

Kornder, N. A., Riegl, B. M. & Figueiredo, J. Thresholds and drivers
of coral calcification responses to climate change. Glob. Change
Biol. 24, 5084-5095 (2018).

Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change
and ocean acidification. Science 318, 1737-1742 (2007).
Lohbeck, K. T., Riebesell, U. & Reusch, T. B. H. Adaptive evolution
of a key phytoplankton species to ocean acidification. Nat. Geosci.
5, 346-351 (2012).

Gurevitch, J., Koricheva, J., Nakagawa, S. & Stewart, G. Meta-
analysis and the science of research synthesis. Nature 555,
175-182 (2018).

Hughes, T. P., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J. &
Steneck, R. S. Rising to the challenge of sustaining coral reef
resilience. Trends Ecol. Evol. 25, 633-642 (2010).

Kwiatkowski, L., Cox, P., Halloran, P. R., Mumby, P. J. & Wiltshire, A.
J. Coral bleaching under unconventional scenarios of climate
warming and ocean acidification. Nat. Clim. Change 5, 777-781
(2015).

Zuo, X. et al. Spatially modeling the synergistic impacts of global
warming and sea-level rise on coral reefs in the South China Sea.
Remote Sens. 13, 2626 (2021).

Yan, H. et al. Regional coral growth responses to seawater
warming in the South China Sea. Sci. Total Environ. 670,
595-605 (2019).

Khalil, I., Muslim, A. M., Hossain, M. S. & Atkinson, P. M. Modelling
and forecasting the effects of increasing sea surface temperature
on coral bleaching in the Indo-Pacific region. Int. J. Remote Sens.
44, 194-216 (2023).

Abe, H., Kumagai, N. H. & Yamano, H. Priority coral conservation
areas under global warming in the Amami Islands, Southern
Japan. Coral Reefs 41, 1637-1650 (2022).

Keith, D. A. et al. Scientific Foundations for an IUCN Red List of
Ecosystems. PLoS ONE 8, e62111 (2013).

Uribe, E. S., Luna-Acosta, A. & Etter, A. Red list of ecosystems: risk
assessment of coral ecosystems in the Colombian Caribbean.
Ocean Coast. Manag. 199, 105416 (2021).

Bland, L. M. et al. Using multiple lines of evidence to assess the risk
of ecosystem collapse. Proc. R. Soc. B Biol. Sci. 284,

20170660 (2017).

Obura, D. et al. Vulnerability to collapse of coral reef
ecosystems in the Western Indian Ocean. Nat. Sustain. 5,
104-113 (2022).

Alaniz, A. J., Pérez-Quezada, J. F., Galleguillos, M., Vasquez, A. E. &
Keith, D. A. Operationalizing the IUCN Red List of Ecosystems in
public policy. Conserv. Lett. 12, €12665 (2019).

106.

107.

108.

109.

10.

m.

12.

13.

14.

15.

116.

17.

8.

19.

120.

121.

122.

123.

124.

125.

126.

127.

Rodriguez, J. P. et al. A practical guide to the application of the
IUCN Red List of Ecosystems criteria. Philos. Trans. R. Soc. B Biol.
Sci. 370, 20140003 (2015).

Frolicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under
global warming. Nature 560, 360-364 (2018).

Skirving, W. J. et al. The relentless march of mass coral bleaching:
a global perspective of changing heat stress. Coral Reefs 38,
547-557 (2019).

Zinke, J. et al. Gradients of disturbance and environmental con-
ditions shape coral community structure for south-eastern Indian
Ocean reefs. Divers. Distrib. 24, 605-620 (2018).

Santana, E. F. et al. Turbidity shapes shallow Southwestern
Atlantic benthic reef communities. Mar. Environ. Res. 183,
105807 (2023).

Vercammen, A. et al. Evaluating the impact of accounting for coral
cover in large-scale marine conservation prioritizations. Divers.
Distrib. 25, 1564-1574 (2019).

Lachs, L. et al. Fine-tuning heat stress algorithms to optimise
global predictions of mass coral bleaching. Remote Sens. 13,
2677 (2021).

DeCarlo, T. M. Treating coral bleaching as weather: a framework to
validate and optimize prediction skill. Peer) 8, €9449 (2020).
Weeks, S., Anthony, K., Bakun, A., Feldman, G. & Guldberg, O. H.-
Improved predictions of coral bleaching using seasonal baselines
and higher spatial resolution. Limnol. Oceanogr. 53,

1369-1375 (2008).

Wyatt, A. S. et al. Heat accumulation on coral reefs mitigated by
internal waves. Nat. Geosci. 13, 28-34 (2020).

McClanahan, T. R. et al. Highly variable taxa-specific coral
bleaching responses to thermal stresses. Mar. Ecol. Prog. Ser.
648, 135-151 (2020).

Teneva, L. et al. Predicting coral bleaching hotspots: the role of
regional variability in thermal stress and potential adaptation
rates. Coral Reefs 31, 1-12 (2012).

Kalmus, P., Ekanayaka, A., Kang, E., Baird, M. & Gierach, M. Past the
precipice? Projected coral habitability under global heating.
Earth’s Future 10, e2021EF002608 (2022).

Voolstra, C. R. et al. Extending the natural adaptive capacity of
coral holobionts. Nat. Rev. Earth Environ. 2, 747-762 (2021).
Logan, C. A., Dunne, J. P., Ryan, J. S., Baskett, M. L. & Donner, S. D.
Quantifying global potential for coral evolutionary response to
climate change. Nat. Clim. Change 1, 537-542 (2021).

Humanes, A. et al. Within-population variability in coral heat tol-
erance indicates climate adaptation potential. Proc. R. Soc. B Biol.
Sci. 289, 20220872 (2022).

Cheung, W. W. et al. Building confidence in projections of the
responses of living marine resources to climate change. ICES J.
Mar. Sci. 73, 1283-1296 (2016).

Payne, M. R. et al. Uncertainties in projecting climate-change
impacts in marine ecosystems. ICES J. Mar. Sci. 73,

1272-1282 (2015).

Marangoni, G. et al. Sensitivity of projected long-term CO, emis-
sions across the shared socioeconomic pathways. Nat. Clim.
Change 7, 113-117 (2017).

Morley, J. W., Frolicher, T. L. & Pinsky, M. L. Characterizing
uncertainty in climate impact projections: a case study with seven
marine species on the North American continental shelf. ICES J.
Mar. Sci. 77, 2118-2133 (2020).

Regan, H. M., Colyvan, M. & Burgman, M. A. A taxonomy and
treatment of uncertainty for ecology and conservation biology.
Ecol. Appl. 12, 618-628 (2002).

Uusitalo, L., Lehikoinen, A., Helle, I. & Myrberg, K. An overview of
methods to evaluate uncertainty of deterministic models in deci-
sion support. Environ. Model. Softw. 63, 24-31 (2015).

Nature Communications | (2024)15:2224

15



Article

https://doi.org/10.1038/s41467-024-46255-2

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Radisadnen, J. How reliable are climate models? Tellus A Dyn.
Meteorol. Oceanogr. 59, 2-29 (2007).

Renken, H. & Mumby, P. J. Modelling the dynamics of coral reef
macroalgae using a Bayesian belief network approach. Ecol.
Model. 220, 1305-1314 (2009).

Melbourne-Thomas, J., Johnson, C. R. & Fulton, E. A. Characteriz-
ing sensitivity and uncertainty in a multiscale model of a complex
coral reef system. Ecol. Model. 222, 3320-3334 (2011).

Mumby, P. J. The impact of exploiting grazers (Scaridae) on the
dynamics of Caribbean Coral Reefs. Ecol. Appl. 16,

747-769 (2006).

Mumby, P. J., Hastings, A. & Edwards, H. J. Thresholds and the
resilience of Caribbean coral reefs. Nature 450, 98-101 (2007).
Melbourne-Thomas, J., Johnson, C. R. & Fulton, E. A. Regional-
scale scenario analysis for the Meso-American Reef system:
Modelling coral reef futures under multiple stressors. Ecol. Model.
222, 1756-1770 (2011).

Urban, M. C. Projecting biological impacts from climate change
like a climate scientist. WIREs Clim. Change 10, €585 (2019).
Edwards, P. N. History of climate modeling. Wiley Interdiscip. Rev.
Clim. Change 2, 128-139 (2011).

Houghton, J. T., Jenkins, G. J. & Ephraums, J. J. (eds). Climate
Change 1990: The IPCC Scientific Assessment (Cambridge Univ.
Press, 1990).

Gardmark, A. et al. Biological ensemble modeling to evaluate
potential futures of living marine resources. Ecol. Appl. 23,
742-754 (2013).

Tebbett, S. B., Connolly, S. R. & Bellwood, D. R. Benthic compo-
sition changes on coral reefs at global scales. Nat. Ecol. Evol. 7,
71-81 (2023).

Hughes, T. P. et al. Global warming transforms coral reef assem-
blages. Nature 556, 492 (2018).

McClanahan, T. R., Ateweberhan, M., Darling, E. S., Graham, N. A.
J. & Muthiga, N. A. Biogeography and change among regional
coral communities across the Western Indian Ocean. PLoS ONE 9,
93385 (2014).

Nicholson, E. et al. Scientific foundations for an ecosystem goal,
milestones and indicators for the post-2020 global biodiversity
framework. Nat. Ecol. Evol. 5, 1338-1349 (2021).

Hausfather, Z. & Peters, G. P. RCP8. 5 is a problematic scenario for
near-term emissions. Proc. Natl Acad. Sci. USA 117,

27791-27792 (2020).

Hausfather, Z. & Peters, G. P. Emissions-the ‘business as usual’s-
tory is misleading. Nature 577, 618-620 (2020).

Pielke, R. & Ritchie, J. Systemic misuse of scenarios in climate
research and assessment. SSRN Electr. J. https://doi.org/10.2139/
ssrn.3581777 (2020).

Burgess, M. G., Ritchie, J., Shapland, J. & Pielke, R. IPCC baseline
scenarios have over-projected CO, emissions and economic
growth. Environ. Res. Lett. 16, 014016 (2020).

Strona, G. et al. Global tropical reef fish richness could decline by
around half if corals are lost. Proc. R. Soc. B 288, 20210274 (2021).
MacLean, S. A. & Beissinger, S. R. Species’ traits as predictors of
range shifts under contemporary climate change: A review and
meta-analysis. Glob. Change Biol. 23, 4094-4105 (2017).

van Dijk, M., Morley, T., Rau, M. L. & Saghai, Y. A meta-analysis of
projected global food demand and population at risk of hunger for
the period 2010-2050. Nat. Food 2, 494-501 (2021).

Borenstein, M., Hedges, L. V., Higgins, J. P. T. & Rothstein, H. R.
Introduction To Meta-Analysis. (John Wiley & Sons, Ltd, Chiche-
ster, 2009).

IPCC. Summary for Policymakers.Climate Change 2023: Synthesis
Report. A Report of the Intergovernmental Panel on Climate
Change. Contribution of Working Groups |, Il and IlI to the Sixth
Assessment Report of the Intergovernmental Panel on Climate

151.

162.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Change [Core Writing Team, H. Lee and J. Romero (eds.)]. Geneva,
Switzerland (2023).

Ferrier S. et al. (eds.) IPBES: The methodological assessment
report on scenarios and models of biodiversity and ecosys-
tem services. Bonn, Germany: Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services.
(2016).

Masson-Delmotte V., et al. (eds.) IPCC, 2018: Global Warming of 1.5
°C: An IPCC Special Report on the Impacts of Global Warming of 1.5
°C Above Pre-industrial Levels and Related Global Greenhouse Gas
Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable Develop-
ment, and Efforts to Eradicate Poverty. World Meteorological
Organization Geneva, Switzerland (2018).

Obura, D. The Kunming-Montreal Global Biodiversity Framework:
Business as usual or a turning point? One Earth 6, 77-80 (2023).
Sully, S., Hodgson, G. & van Woesik, R. Present and future bright
and dark spots for coral reefs through climate change. Glob.
Change Biol. 28, 4509-4522 (2022).

Malone, B. P., McBratney, A. B., Minasny, B. & Wheeler, I. A general
method for downscaling earth resource information. Comput.
Geosci. 41, 119-125 (2012).

van Hooidonk, R., Maynard, J. A,, Liu, Y. & Lee, S. K. Down-
scaled projections of Caribbean coral bleaching that can
inform conservation planning. Glob. Change Biol. 21,
3389-3401 (2015).

Tommasi, D. et al. Managing living marine resources in a dynamic
environment: the role of seasonal to decadal climate forecasts.
Prog. Oceanogr. 152, 15-49 (2017).

Hall, A. Projecting regional change. Science 346,

1461-1462 (2014).

Feng, C., Yin, W., He, S., He, M. & Li, X. Evaluation of SST data
products from multi-source satellite infrared sensors in the Bohai-
Yellow-East China Sea. Remote Sens. 15, 2493 (2023).
Hazeleger, W. et al. Tales of future weather. Nat. Clim. Change 5,
107-113 (2015).

Pandolfi, J. M. Incorporating uncertainty in predicting the future
response of coral reefs to climate change. Annu. Rev. Ecol. Evol.
Syst. 46, 281-303 (2015).

Shlesinger, T. & van Woesik, R. Oceanic differences in coral-
bleaching responses to marine heatwaves. Sci. Total Environ. 871,
162113 (2023).

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

Ahmadia, G. N. et al. Limited progress in improving gender and
geographic representation in coral reef science. Front. Mar. Sci. 8,
731037 (2021).

Morais, J., Medeiros, A. P. & Santos, B. A. Research gaps of coral
ecology in a changing world. Mar. Environ. Res. 140,

243-250 (2018).

Gurney, G. G., Melbourne-Thomas, J., Geronimo, R. C., Alifio, P. M.
& Johnson, C. R. Modelling coral reef futures to inform manage-
ment: can reducing local-scale stressors conserve reefs under
climate change? PLoS ONE 8, e80137 (2013).

Pressey, R. L. et al. The mismeasure of conservation. Trends Ecol.
Evol. 36, 808-821 (2021).

Pandolfi, J. M., Connolly, S. R., Marshall, D. J. & Cohen, A. L. Pro-
jecting coral reef futures under global warming and ocean acid-
ification. Science 333, 418-422 (2011).

Storlazzi, C. D. et al. Most atolls will be uninhabitable by the mid-
21° century because of sea-level rise exacerbating wave-driven
flooding. Sci. Adv. 4, eaap9741 (2018).

Hughes, D. J. et al. Coral reef survival under accelerating ocean
deoxygenation. Nat. Clim. Change 10, 296-307 (2020).

Nature Communications | (2024)15:2224

16


https://doi.org/10.2139/ssrn.3581777
https://doi.org/10.2139/ssrn.3581777

Article

https://doi.org/10.1038/s41467-024-46255-2

171.  Cheal, A. J., MacNeil, M. A., Emslie, M. J. & Sweatman, H. The threat
to coral reefs from more intense cyclones under climate change.
Glob. Change Biol. 23, 1511-1524 (2017).

172. DeCarlo, T. M. et al. Nutrient-supplying ocean currents
modulate coral bleaching susceptibility. Sci. Adv. 6,
eabc5493 (2020).

173. Anthony, K. R. N. et al. Operationalizing resilience for adaptive
coral reef management under global environmental change.
Glob. Change Biol. 21, 48-61 (2015).

174. Spalding, M. D. & Brown, B. E. Warm-water coral reefs and climate

change. Science 350, 769-771 (2015).
175. Hill, T. S. & Hoogenboom, M. O. The indirect effects of ocean
acidification on corals and coral communities. Coral Reefs 41,
1557-1583 (2022).
Albright, R. & Cooley, S. A review of interventions proposed to
abate impacts of ocean acidification on coral reefs. Reg. Stud. Mar.
Sci. 29, 100612 (2019).
177. Mongin, M., Baird, M. E., Lenton, A., Neill, C. & Akl, J. Reversing
ocean acidification along the Great Barrier Reef using alkalinity
injection. Environ. Res. Lett. 16, 064068 (2021).

176.

178. Bozec, Y.-M. et al. Cumulative impacts across Australia’s Great
Barrier Reef: a mechanistic evaluation. Ecol. Monogr. 92,
01494 (2022).

179. Donovan, M. K. et al. Local conditions magnify coral loss after
marine heatwaves. Science 372, 977-980 (2021).

180. Cinner, J. E. et al. Meeting fisheries, ecosystem function, and

biodiversity goals in a human-dominated world. Science 368,
307-311(2020).
181. Kroon, F. J., Schaffelke, B. & Bartley, R. Informing policy to protect
coastal coral reefs: Insight from a global review of reducing agri-
cultural pollution to coastal ecosystems. Mar. Pollut. Bull. 85,
33-41(2014).
Govan, H. Achieving the potential of locally managed marine
areas in the South Pacific. SPC Tradit. Mar. Resour. Manag. Knowl.
Inf. Bull. 25, 16-25 (2009).
Rocliffe, S., Peabody, S., Samoilys, M. & Hawkins, J. P. Towards a
network of locally managed marine areas (LMMAs) in the Western
Indian Ocean. PloS ONE 9, e103000 (2014).
Johannes, R. E. Traditional marine conservation methods in
Oceania and their demise. Annu. Rev. Ecol. Syst. 9,
349-364 (1978).
Caldwell, J. M., Heron, S. F., Eakin, C. M. & Donahue, M. J. Satellite
SST-based coral disease outbreak predictions for the Hawaiian
Archipelago. Remote Sens. 8, 93 (2016).
Maynard, J. et al. Predicting outbreaks of a climate-driven
coral disease in the Great Barrier Reef. Coral Reefs 30,
485-495 (2011).
Randall, C. J. & van Woesik, R. Contemporary white-band disease
in Caribbean corals driven by climate change. Nat. Clim. Change
5, 375-379 (2015).
Johnston, M. A. et al. Coral disease outbreak at the remote
Flower Garden Banks, Gulf of Mexico. Front. Mar. Sci. 10,
100 (2023).
Randazzo-Eisemann, A., Garza-Pérez, J. R. & Figueroa-Zavala, B.
The role of coral diseases in the flattening of a Caribbean Coral
Reef over 23 years. Mar. Pollut. Bull. 181, 113855 (2022).
Burge, C. A. et al. Climate change influences on marine infectious
diseases: implications for management and society. Annu. Rev.
Mar. Sci. 6, 249-277 (2014).
191. Byers, J. E. Marine parasites and disease in the era of global climate
change. Annu. Rev. Mar. Sci. 13, 397-420 (2021).

182.

183.

184.

185.

186.

187.

188.

189.

190.

192. Couce, E., Irvine, P. J., Gregoire, L., Ridgwell, A. & Hendy, E. Tro-
pical coral reef habitat in a geoengineered, high-CO, world.
Geophys. Res. Lett. 40, 1799-1805 (2013).

Page, M. J. et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ 372, n71 (2021).
Viechtbauer, W. Conducting meta-analyses in R with the metafor
package. J. Stat. Softw. 36, 1-48 (2010).

Klein S, G. et al. Systematic review of the uncertainty of coral reef
futures under climate change, datasets. Dryad https://doi.org/10.
5061/dryad.4fAqrfikp (2024).

Patz, J. A., Campbell-Lendrum, D., Holloway, T. & Foley, J. A.
Impact of regional climate change on human health. Nature 438,
310-317 (2005).

193.
194.

195.

196.

Acknowledgements
King Abdullah University of Science and Technology (KAUST) supported
this research through baseline funding to C.M.D.

Author contributions

S.G.K. and C.M.D. conceptualized the study and conceived the study
design. S.G.K and C.R. extracted the data, conducted the analyses, and
prepared the figures and tables. S.G.K. and C.M.D. wrote the manu-
script, with substantive contributions from C.R. All authors contributed
to interpretation, revisions, and editing.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46255-2.

Correspondence and requests for materials should be addressed to
Shannon G. Klein or Carlos M. Duarte.

Peer review information Nature Communications thanks Tim McCla-
nahan and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

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

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:2224

17


https://doi.org/10.5061/dryad.4f4qrfjkp
https://doi.org/10.5061/dryad.4f4qrfjkp
https://doi.org/10.1038/s41467-024-46255-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Systematic review of the uncertainty of coral reef futures under climate�change
	Results and discussion
	Approaches for projecting coral reef futures
	‘Excess heat’ threshold�models
	Population dynamic�models
	Species distribution�models
	Ecology-evolutionary�models
	Meta-analyses
	Other emerging approaches
	How heat stress is modeled
	Addressing uncertainty through more coordinated modeling efforts
	Comparison with a prevailing diversity in methodologies
	Reporting uncertainty and metrics of model outputs
	Toward ecologically relevant and restoration-compatible spatial�scales
	Geographical bias in modeled projections
	Beyond the impact of warming

	Methods
	Literature search and study selection
	Data extraction
	Study criteria and data analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




