


transport (import and export), 4) physical erosion, and 5) ce
mentation rates (Fig. 1). We refer to this potential vertical ac
cretion of reefs simply as “accretion” hereafter, and note that we
focus on sediment dissolution and biological net carbonate pro
duction (hereafter referred to as “net carbonate production,” the
measurement of which is referred to as “carbonate budgets”),
perhaps the best quantified and largest contributors to accretion
rates on reefs on short timescales.
Climate change will impact both the abundance and calcifi

cation rates of reef taxa responsible for producing calcium car
bonate, such as corals and coralline algae (2, 6, 7), while
simultaneously altering the bioerosion and recycling of this cal
cium carbonate by resident bioeroders, such as sponges and
cyanobacteria (8, 9). Both net carbonate production and accre
tion are already declining regionally in response to fishing
pressure, disease, and marine heatwaves (10 13). Such changes
have profound implications for societally relevant ecosystem
service provisioning (11), and rapid climate change impacts are
projected to further exacerbate these negative trajectories. Spe
cifically, ocean warming and associated marine heatwaves will
reduce gross carbonate production rates on coral reefs, as coral
cover is reduced by more frequent and severe mass bleaching
events (14 16) and as elevated temperatures decrease the cal
cification rates of coral and coralline algae under more severe
warming scenarios (6, 17). Ocean acidification is also projected
to reduce the calcification rates of key taxa such as corals and
coralline algae that form reef structures and associated sedi
ments (6, 7, 18, 19) while further reducing accretion by

increasing the dissolution of carbonate sediments (20) and en
hancing rates of bioerosion (8, 9). Furthermore, the combined
impacts of ocean warming and acidification are predicted to be
amplified under higher CO2 emission scenarios (6, 19).
While the responses of reef forming taxa to ocean warming

and acidification have been the focus of considerable scientific
effort in recent decades (2, 6, 7), quantitative predictions of the
impacts of climate change on global coral reef net carbonate
production and reef accretion are limited. Specifically, existing
projections are largely theoretical, limited to specific locations,
only include sea level rise and not ocean acidification or warm
ing, or do not include some of the major processes controlling
coral reef net carbonate production (5, 10, 20 23). For example,
one prominent model provided important data on lagoon sedi
ment dissolution rates (20), although the link between changes in
these rates and forereef accretion is unclear. Other global scale
projections do not include the impacts of ocean warming or
acidification (5). How the combined effects of changes in the
mortality, calcification, and bioerosion rates of individual reef
taxa will manifest spatially across different ocean basins due to
ocean warming and acidification remains unresolved.
Predicting the trajectories of future net carbonate production

is complicated by uncertainties around the magnitude of future
declines in coral cover, which is likely to be one of the major
drivers of future carbonate budgets of coral reefs; yet, estimating
future coral cover is difficult. While coral cover is declining
globally due to repeated mass coral bleaching (hereafter referred
to as “bleaching”) and other local stressors, there is clear

Fig. 1. Processes involved in net carbonate production and accretion on reefs as well as the associated methods typically employed to measure this. +ve =
positive contribution to accretion with solid lines; ve = negative contribution with dashed lines. Processes in gray are not included in most carbonate budgets
or here. Here, we project the effects of ocean acidification and warming on CCA and coral calcification, chemical components of bioerosion, and sediment
dissolution. Only chemical components of bioerosion are included in hydrochemical measurements, while direct sediment production by bioeroders is also
included here.
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temporal and spatial variability of local anthropogenic impacts
(16, 24 26). This makes estimating future coral cover a complex
and heavily debated process, even on local scales (27 29). The
impacts of marine heatwaves on coral mortality, recovery, and
subsequent recruitment cannot be captured accurately in short
term laboratory experiments in the way that changes to calcifi
cation can, and currently available projections of coral cover into
the future are encumbered with uncertainties that do not allow
us to predict exact future cover for any specific region (16,
30, 31).
Here, we resolve these challenges of applying laboratory re

sults to real coral reef locations by assessing changes in future
carbonate budgets of reefs as a function of integrated robust
estimates of the responses of major components of the carbonate
budget to climate change as well as including estimates of
changes in future coral cover. We collate or measure data from
233 locations on 183 distinct reefs globally (49% Atlantic, 39% in
the Indian, and 11% in the Pacific Ocean) to quantify the im
pacts of ocean warming and acidification on coral reef net car
bonate production and then use these data to estimate the
impacts on net carbonate production and accretion by 2050 and
2100. We incorporate more than 800 empirically measured
changes in net calcification rates of the main producers of cal
cium carbonate on coral reefs (corals and coralline algae), bio
erosion rates, and sediment dissolution in response to ocean
warming, acidification, and their interaction from 98 studies. We
model the size of the effects of ocean acidification, ocean
warming, and their interaction under contrasting Intergovern
mental Panel on Climate Change emissions scenarios for rep
resentative concentration pathways (RCP) 2.6, 4.5, and 8.5 for
the year 2050 and 2100. We then apply these estimated effects to
reefs with previously measured rates of net carbonate produc
tion, where the cover of corals and coralline algae is well defined
(SI Appendix, Table S1). Importantly, we account for the impact
of reduced coral cover, which, in most locations, will be further
diminished by more severe and frequent bleaching events (16,
25), including estimates of its impacts based on currently avail
able information. We calculate region specific projections of
degree heating weeks (DHW), a commonly used metric that
accounts for the severity and duration of marine heatwaves on
corals (32) and combine them with reductions in coral cover that
were measured after exposure to differing DHWs during the
2016 El Niño event (25). These models (Materials and Methods)
are then used to explore the effects of ocean warming and
acidification independently, and in interaction with each other,
under each climatic scenario on rates of reef net carbonate
production and accretion.

Results and Discussion
Net carbonate production in every coral reef at every site in
cluded in our analysis was reduced by each of the projected
scenarios, with the extent of declines being dependent on sce
nario and location (Figs. 2 4 and SI Appendix, Figs. S1 S3). We
project declines in net carbonate production so severe that reef
accretion will cease globally by 2100 under RCP4.5 and 8.5
(Fig. 2) even under our optimistic estimates that do not factor for
physical erosion. Even under RCP2.6, we project mean declines
in global net carbonate production of 71% by 2050 and 77% by
2100. These declines are largely the result of reduced coral cover
from bleaching events rather than from the direct impacts of
ocean warming or acidification on calcification or bioerosion (SI
Appendix, Figs. S1 S4). We further predict that median reef net
carbonate production will switch from production to erosion
under higher emissions scenarios. Specifically, we project 119%
mean declines in global net carbonate production by 2050 and
148% by 2100 under RCP4.5, while we estimate declines in net
carbonate production of 149% by 2050 and 155% by 2100
under RCP8.5.

We project much lower decreases in net carbonate production
when the impacts of coral bleaching are excluded. For example,
we estimate net carbonate production will only be reduced 4%
by 2050 and 3% by 2100 under RCP2.6. If CO2 emissions are
kept to within RCP2.6, our meta analysis of past experimental
work forecasts relatively small declines (1 to 6%) in individual
coral and coralline algal calcification (Table 1) and only small
changes in bioerosion rates (4% declines to 6% increases).
However, we estimate 15% declines in net carbonate production
by 2100 under RCP4.5, while under RCP8.5, we estimate 58%
declines in global net carbonate production by 2100. The sce
narios without coral beaching would only manifest if coral
thermal tolerances increased dramatically to the point where
they are no longer impacted by coral bleaching events, which is a
highly unlikely scenario. Nevertheless, these scenarios demon
strate the impacts that ocean warming and acidification will have
on metabolic rates of remaining thermally tolerant corals and
coralline algae. The declines in net carbonate production caused
solely by the impacts of climate change on the processes of cal
cification and bioerosion could be construed as being relatively
small (e.g., SI Appendix, Figs. S1 and S4). However, there is
considerable natural variability in net carbonate production
presently, and there are many heavily degraded reefs that already
have low net carbonate production (33). To put these declines in
net carbonate production rates into perspective, mean global
declines in net carbonate production (e.g., SI Appendix, Fig. S4)
predicted under RCP8.5 by ocean acidification alone outweighs
the present day net carbonate production rates for 31% of
these reefs.
We project that many presently degraded reefs will logically

continue to have low levels of net carbonate production in the
future (see examples in Fig. 4 B, D, and F) but that reefs with
higher present day production rates will follow trajectories that
are largely related to three factors. These factors are 1) their
present day net carbonate production rates; 2) the biotic com
position of the reef presently, where reefs with higher bioerosion
fare worse and those with higher coralline algal carbonate pro
duction fare slightly better under scenarios with reduced coral
cover; and 3) their geographic location, as projections of ocean
warming and the associated timing and magnitude of loss of
coral cover due to bleaching events varies by region (SI Appendix,
Fig. S5 6). Reefs in the Pacific Ocean tend to fare better than
others under most future scenarios, and those in the Atlantic fare
the worst under RCP2.6 scenarios (Figs. 2 4). This is reflective
of the generally higher present day rates of net carbonate pro
duction in the Pacific Ocean and lower rates in the more heavily
degraded coral reefs in the Atlantic Ocean (34, 35). Additionally,
higher bioerosion rates in the Indian Ocean reefs (mean 2.90 kg
CaCO3 m

−2 · y−1 compared to 1.93 kg CaCO3 m
−2 in the Atlantic

Ocean and 1.52 kg CaCO3 m
−2 in the Pacific Ocean) and higher

contributions of coralline algal carbonate production in Pacific
Ocean reefs (mean gross production = 1.08 kg CaCO3 m−2 · y−1

compared to 0.06 kg CaCO3 m−2 in the Atlantic and 0.31 kg
CaCO3 m−2 in the Indian Oceans) alter the trajectories of
these reefs.
The contribution of corals to gross carbonate production and

its trajectory under climate change plays the largest role in dic
tating net carbonate production and accretion rates on reefs.
Present day rates of bioerosion are also important in determin
ing net carbonate production under RCP8.5 once coral cover is
severely reduced in our model (R2 = 0.85). However, our esti
mated changes in total bioerosion rates in situ are relatively
small. This is because parrotfish and sea urchins which erode
mainly by biophysical means contribute the greatest to total
bioerosion at most of our sites (mean: 1.74 kg CaCO3 m

−2 · y−1)
as opposed to micro or macrobioeroders living in/on the car
bonate framework (mean 0.65 kg CaCO3 m

−2 · y−1), which also
can bioerode by chemical means. Coralline algal gross carbonate

Cornwall et al. PNAS | 3 of 10
Global declines in coral reef calcium carbonate production under ocean acidification and
warming

https://doi.org/10.1073/pnas.2015265118

EC
O
LO

G
Y

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

S
ep

te
m

be
r 

27
, 2

02
1 



production plays a limited role on many reefs (mean gross pro
duction = 0.28 kg CaCO3 m

−2 · y−1). However, our data illustrate
that Pacific Ocean reefs with higher coralline algal carbonate
production rates are more robust under scenarios where coral
gross production is reduced by bleaching, but these reefs are
comparatively more susceptible to the ocean acidification sce
narios. This is due to the larger adverse effects of ocean acidi
fication on the net calcification rates of coralline algae compared
to corals (up to 12% in 2100 under RCP 8.5; Table 1). Coralline
algae appear more robust to the impacts of marine heatwaves
than corals (17), and thus we did not decrease their abundance
here under ocean warming scenarios. All reefs with positive net
carbonate production under RCP8.5 by 2100 had present day
coralline algal net carbonate production rates ≥1.8 kg
CaCO3 m−2 · y−1. Together, this indicates that coralline algal
calcification could initially act as a short term substitute to
provide carbonate in reefs heavily influenced by mass coral
bleaching. However, coralline algal dominated reefs will offer
very different (or reduced) ecological services and structural
complexity compared to coral dominated reefs (11), and their
capacity to produce carbonate will also be limited once ocean
acidification intensifies. Conversely, their ability to support

parrotfish and sea urchin bioeroders will also be reduced
(36 38), which could therefore support slightly higher net car
bonate production than equivalent coral dominated reefs with
equal gross carbonate production (33).
A major consequence of declining net carbonate production

rates on reefs relates to their capacity to accrete at the same rate
as rising sea levels. Median global coral reef accretion potential
is estimated as 2.80 mm · y−1 in our present day scenario
(range: −1.77 to 13.20), but we project this will fall to −1.11 mm ·
y−1 (−3.51 to 1.51) under the interactive effects of coral
bleaching, ocean warming, and acidification in RCP8.5. Global
sea level rises of up to 15 mm · y−1 (range: 10 to 15) are projected
by 2100 under RCP8.5 (39). While rates vary between regions, no
reefs here maintain accretion rates that will match the projected
global mean rates of sea level rise. However, rates of sea level
rise are much lower under RCP2.6 (mean: 4 mm · y−1) (39), and,
here, accretion rates only drop to 0.47 mm · y−1 (−2.75 to 6.31)
(Fig. 2B). However, only four reefs still maintain rates of ac
cretion that match mean increases in sea level rise by 2100 under
RCP2.6. These aforementioned accretion rates assume sediment
dissolution rates on reefs will equate to those measured on la
goon sediments (20). However, the link between the two processes is
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Fig. 2. (A) Net carbonate production rates (kg CaCO3 m 2 · y 1) and (B) potential vertical accretion rates (mm · y 1), presently and under the interactive
effects of ocean acidification and ocean warming. These data account for reduced future coral cover due to mass bleaching events across three ocean basins
for the mean of each of 183 reefs. Scenarios shown are three RCP scenarios (2.6, 4.5, and 8.5) by 2050 and 2100. Medians, 75% quartiles, 95% whiskers, and
outliers are presented. See SI Appendix, Figs. S1 and S3 for the accretion and carbonate production rates projected under each stressor singularly. For ac
cretion without sediment dissolution, see SI Appendix, Fig. S2.
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such as habitat for reef associated taxa, protection of shorelines
from wave action, and serving as centers of tourism and fisheries.
Our projections here are likely optimistic given that we do not
account for increasing storm frequency, which could further
remove reef framework via physical erosion, nor do we include
some other factors that reduce coral cover or calcification rates,

such as disease, pollution, and frequent outbreaks of Crown of
Thorns. Given the increased risk of globally declining coral cover
and the mean global net decline in carbonate production pre
dicted under current emissions trajectories, we must now mark
edly reduce CO2 emissions to have any possibility of sustaining
positive carbonate production and reef accretion rates, thus

Fig. 4. Examples of how the effects of ocean acidification, ocean warming, and mass coral bleaching are projected to impact net carbonate production
through changes in bioerosion and net calcification of corals and of coralline algae. Displayed here are regions in the Atlantic (A and B), Indian (C and D), and
Pacific Oceans (E and F) with high (A, C, and E) and low (B, D, and F) present day net carbonate production. Scenarios are the same as in Fig. 1: present day
and RCP2.6, 4.5, and 8.5 in 2050 and 2100. Photo credits: A, B, and C were taken by Chris Perry; D was taken by Nicholas Graham; E was taken by Gareth
Williams; and F was taken by Christopher Cornwall.
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the study) and at all elevated temperatures from the designated controls.
We examined regional changes in temperatures at each of our 183 reefs for
each scenario (RCP2.6, 4.5, and 8.5) and year (2050 and 2100) and used
weighted linear regressions (as above in the ocean acidification section) to
determine regional changes in coral and coralline algal calcification rates as
well as bioerosion and sediment dissolution rates as a function of temper
ature. Furthermore, we also estimated changes in calcification and bio
erosion rates under the interactive scenarios of decreasing pH and
temperature at all 183 reefs by employing experimental findings on their
interactive effects via multiple weighted linear regressions as per above.

Bioerosion. A similar approach was used to estimate coral reef bioerosion
sensitivities to seawater pH and temperature using the linear regression
approach mentioned above, where we examined the literature for experi
mental research estimating their effects. However, only 11 suitable studies
were found (SI Appendix, Table S1). Experimental substrates were coral
skeletons in all studies, except one that used coralline algae (8) and another
that used rubble (9). We used the same linear regression approach as for the
calcifying taxa described above to estimate bioerosion sensitivities, using
only studies that independently tested pH and temperature to evaluate their
separate effects. To evaluate the interaction of pH and temperature, we
used the combined effects of pH and temperature at each reef due to the
paucity of tests of their interactive effects available in the literature. Given
the relatively few studies available, we neither distinguished between bio
eroding agents (i.e., sponges or microbioeroders) nor substrates (i.e., corals,
coralline algae, or rubble). We calculated the percent of change in bio
erosion rate for each study under all RCP scenarios relative to present day
and then took the median responses among studies to estimate the separate
and combined sensitivities to pH and temperature.

Sediment Dissolution. We used the same linear regression and associated
methods as in the two sections above to determine coral reef carbonate
sediment production sensitivities to seawater pH and temperature. We used
both sediment dissolution rates obtained in the field or laboratory. This
yielded 8 studies with 16 responses (SI Appendix, Table S1). For both RCP4.5
and 8.5 scenarios, we estimated declines in sediment production that were
greater than 100% (i.e., transition from net production to net dissolution of
CaCO3 material). The loss of CaCO3 sediment due to dissolution eclipsed the
reported rates of sediment accumulation (sediment infilling) estimated by
Perry et al. (5). Therefore, sediment infilling was simply removed from all
future scenarios that estimated reef accretion rates. There are currently no
estimates of sediment dissolution rates for forereef environments, only
within lagoons (SI Appendix, Table S1). Therefore, we provide two sets of
data to demonstrate the potential impacts if sediment dissolution rates on
forereefs equal those in the lagoon: our Fig. 2 with sediment dissolution and
SI Appendix, Fig. S2 that includes no sediment dissolution. See the main
manuscript for a discussion of these differences. We also note here that we
do not include changes in physical erosion due to storms or deposition
events due to the absence of empirical data on event driven physical
loss rates.

Application of Coral Reef Taxa Responses. We applied the calculated changes
in calcification and bioerosion to existing coral reefs with different compo
sitions of calcifying taxa as examples of how the effects of climate change
would influence the carbonate budgets of different coral reefs. These reefs
were those for which coral and coralline algal cover, and coral and coralline
algal calcification rates in the Indian and Atlantic Oceans were available in
Perry et al. (5), and some additional reefs in the Atlantic, Indian, and Pacific
Oceans, for which we could obtain similar data (SI Appendix, Table S1 for the
study list). We used all available data, but for the majority of the Pacific
reefs, this data was measured using hydrochemical methods (i.e., using the
total alkalinity anomaly technique) and not census based methods that
combine cover and calcification rates of individual taxa (60). Note that these
two methods utilize slightly different data, where census based methods
also include bioerosion, but neither method includes the loss of reef
framework through nonbiotic physical erosion (e.g., storms). Also, hydro
chemical carbonate budgets could include some aspects of sediment and
framework dissolution but not physical bioerosion. The hydrochemical
methods especially need to be measured over several days and seasons in
order to obtain accurate rates of carbonate production, and even the
census based approach can be strongly impacted by recent events at any one
location. However, by employing both methods in our model for all three
ocean basins, it gives a better mix of both reef flat and reef slope commu
nities that would otherwise be difficult if we only used data obtained from

one method. Irrespectively, both methods provided similar net carbonate
production and accretion rates.

We applied the changes in net calcification of resident biota and bio
erosion to the data sets for each reef. For sites not included in Perry et al. (5),
we used a method similar to the census based estimation of net carbonate
production. To do this, the percentage cover of different calcifying taxa and
that taxa’s individual calcification rates (either at the site or from the closest
nearby location, see methods in ref. 5), were compared to the carbonate
production obtained using total alkalinity anomaly techniques. In our ex
ample coral reefs, the mean net carbonate production of the corals and
coralline algae were obtained and standardized to their surface area (CaCO3

kg · m 2 · y 1). The total calcification (termed here as TG for simplicity in our
equations only) of the two taxa at each site were then determined by
multiplying their mean net calcification rates (G) by their approximate sur
face area per meter (A). Then, ecosystem net carbonate production rates
were divided by the sum of these mean calcification rates to determine the
proportion of calcification attributed to each taxa. This is summarized by Eq.
1, including coral (C) and CCA calcification and reef rugosity as R:

TG = Carbonate  production
R × CA × CG + CCAA × CCAG

. [1]

For corals, we used the mean rugosity value of 1.8 from the extensive data set
of ref. 5 when this value was not given for a particular reef. The proportional
contribution of each taxa to gross carbonate production (PrG) is determined
for each taxa, here using coral as an example:

PrG = TG
R × CA × CG

. [2]

To estimate the impacts on bioerosion rates, we assumed that the chemical
portion of bioerosion was measured already in hydrochemical methods.
These are denoted as micro or macrobioeroders in Perry et al. (60) and
encompass all bioeroders except parrotfishes and sea urchins. Most studies
not included in ref. 5 did not directly measure bioerosion, though some did.
The following methods apply for those studies that did not measure bio
erosion directly. At our hydrochemical sites, we used the studies listed in SI
Appendix, Table S1 to estimate chemical bioerosion (already included in
hydrochemical studies) as 10% in Moorea, 40% at Lizard Island and other
Australian reefs, and the mean of the two (25%) in other locations in the
Pacific. In Indian and Atlantic Oceans sites, we used the median of the bio
erosion measured in Perry et al. (5) for each ocean basin. We then deducted
these micro and macrobioerosion rates from the total bioerosion at
hydrochemical sites and then deducted this adjusted bioerosion rate to the
gross carbonate production rates in these locations. Thus, our estimates of
bioerosion sensitivity to acidification based on laboratory studies are only
applied to the chemical component of bioerosion in our future projections.
This is represented in Eq. 3, where Bu is total bioerosion not incorporated in
the hydrochemical sites, BT is the total bioerosion, BMi is bioerosion from
microbioeroders, and BMa is bioerosion from macrobioeroders:

BU =   BT   (BMi + BMa). [3]

To determine sediment infilling, we used data from Perry et al. (5) or
employed their methods to determine sediment infilling at the hydro
chemical sites. For hydrochemical sites, we assumed that the ratio of par
rotfish:sea urchin bioerosion in the Pacific was equal to the mean of the
Atlantic and Indian Oceans ratios (0.917:0.083). For our sites in the Indian or
Atlantic oceans, we took the mean ratios of these regions (0.934 and 0.065
and 0.880 and 0.119, respectively). Accretion rates were then determined as
per the methods of Perry et al. (5, 60) that adds sediment infilling and biotic
net carbonate production and then factors for the influence of community
structure on framework stacking porosity following ref. 61.

We present all important output data distributions, and all future sce
narios result in declines in these parameters across all reefs. Therefore, we do
not use statistical tests to interpret differences in our modeled scenarios, as
widely recommended for a number of reasons (62). In particular, the re
sponses of each reef to the effects of the future scenarios we explore are not
independent except for the initial composition of resident taxa. Addition
ally, our large samples sizes would result in infinitesimally small P values,
large F values, etc., here if assessing statistical differences in declines in
carbonate production or reef accretion rates from the present day values.

It is elementary that global coral cover will continue to decline in the
future (2). To assess the responses of future coral reefs to climate change, we
applied our estimates of changes in net calcification to corals and coralline
algae present on each reef. We carried out two different scenario types, one
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where either coral abundance remains the same as present day covers and
another where both ocean warming alone or its interactive effects with
ocean acidification reduces coral abundance due to mass coral bleaching
events of various magnitudes. During our literature review, we observed
that corals were not always grown at temperatures exceeding their summer
maximum at the site of collection in ocean warming research in “warming”
treatments (SI Appendix, Fig. S7). Therefore, it was not always possible to
estimate the effects of ocean warming on coral mortality under future
summer temperatures, where the physiological effects of increasing tem
peratures will be the most severe for corals. Mortality estimates from lab
oratory research were also therefore not possible. The lack of data for
responses at temperatures above summer maximums at the collection sites
could partially be due to a disconnect between the timing of experiments,
their ultimate goals, or the ability to grow corals above summer maximums
for any length of time. To more accurately project the impacts of future
ocean warming and marine heatwaves, a greater proportion of these should
be carried out in summer by future researchers.

However, because changes in coral cover will greatly impact net carbonate
production (13), we present best estimates of coral cover at each of our sites
that use the null assumption that the effect of marine heatwaves on future
coral communities would be equal to their impacts today. We use this null
assumption because the effects of coral population acclimatization and
microevolution in response to exposure to increasingly severe marine
heatwaves are largely unknown. While there is some evidence that coral
populations could increase their thermal tolerance after exposure to mul
tiple coral bleaching events (44, 63 67), these changes in coral thermal tol
erances are difficult to accurately quantify. Therefore, we project future
occurrences of DHW at our sites using models that assume no adaptive ca
pacity (59). DHW is a commonly used metric that accounts for heat stress
caused by both the duration and intensity of marine heatwaves on coral
reefs (32, 68). We then use data from the recent large scale measurements
of the impacts of DHW on long term coral cover on coral communities on
the Great Barrier Reef (25). This equates to 39, 60, 67, and 90% coral

cover under 4, 6, 8, and 10 DHW, respectively. We used this data set because
it provided estimates of coral cover in response to measured DHWs across
many reefs that encompass a great variety in biotic and abiotic factors,
unlike other available data sets that encompass only one or a few reefs.
Here, we assume that if a coral reef community suffers two or more marine
heatwaves of a certain DHW extent within one decade, these events will not
allow them to recover to their original coral cover. Therefore, we reduce
coral cover on each reef by a proportion that is equal to the measured in situ
effects of differing DHW in 2 °C steps. For example, if reef X encounters a 4
DHW event in 2030 and 2034 under a particular RCP scenario, and its initial
coral contribution to gross carbonate production is 8 kg CaCO3 m 2 · y 1,
then its cover is reduced by 39% to contribute 4.88 kg CaCO3 m

2 · y 1. If the
same reef encounters two 6 DHW events in the next decade, its coral con
tribution is then reduced to 60% of its original value. These DHW predictions
for our sites are displayed in SI Appendix, Fig. S5. These data are from the
Great Barrier Reef, and while we acknowledge future work could also find
similar data from other regions closer to these study sites, we consider it
covers an ideal range of habitats and taxa that many data sets do not.

Data Availability. All study data are included in the article and/or supporting
information. Some previously published data were also used for this work
(SI Appendix, Table S1).
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