










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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maintaining the critical ecological and societal services that
reefs provide.

Materials and Methods
Coral Reef Taxa Responses to Climate Change Scenarios. We used data from
published sources to calculate changes in calcification rates of different coral
reef calcifying taxa to different climate change scenarios. We searched Web
of Science with different combinations of “coral reef taxa” and “climate
change stressor” terms. The different taxa terms were coralline algae, cal-
cifying algae, crustose coralline algal (CCA), and coral. The different climate
change stressor terms were warming, temperature, acidification, CO2, and
climate change. The list of suitable publications was then cross-checked
against the database on Pangaea, the list used in Kroeker et al. (7), and
from Kornder et al. (6). This search was completed on February 24, 2017. We
extracted direct values for calcification rates whenever they were listed
when data were not deposited freely online. The remaining data were
extracted from figures within publications using the software Datathief
(https://www.datathief.org/). We only used data from tropical specimens.
This resulted in 985 suitable calcification responses from 98 studies (SI Ap-
pendix, Table S1 and Fig. S7). This includes 58 studies examining the impacts
of ocean acidification on coral calcification, 27 on ocean warming and corals,
16 on the interactive effects on coral, 13 on ocean acidification and coralline
algal calcification, 6 on ocean warming and coralline algal calcification, and
5 on the interactive effects on coralline algal calcification. Some studies
examined corals and coralline algae simultaneously. We do not include
Halimeda spp. in our model because of the unclear nature of its eventual
contribution to reef accretion and because of the larger uncertainty re-
garding the impacts of ocean acidification and warming on its calcification
that was observed during our surveys of the literature.

Seawater pH fromocean acidification research and temperature data from
ocean warming research were extracted or calculated along with net calci-
fication measurements. Seawater carbonate chemistry was recalculated in
some studies where inconsistencies were found between pH scales. Studies
using the National Bureau of Standards scale were converted to the total
scale (hereafter "pH") using the excel macro CO2sys (51) and method fol-
lowing ref. 52. Research examining the effects of ocean acidification were
excluded if they did not present standardized measurements of seawater
carbonate chemistry that could allow us to accurately determine pH on the
total scale (53). In order to estimate the future responses of calcifying coral
reef taxa to ocean acidification and warming, we employed a regression
style approach similar to that used by Chan and Connolly (54) and by
Cornwall and Eddy (55). Current experimental evidence supports a complex
control of both dissolved inorganic carbon (DIC) and H+ concentrations in
seawater on coral calcifying fluid chemistry rather than saturation state that
is correlated with the ratio of DIC:H+ (56). We would also moderate results by

the background total alkalinity at each site ideally, though this data are not
available at the scale we would need to make accurate projections of its
impacts on organism responses. However, pH is the primary driver of de-
clining calcification under OA and therefore should well represent the re-
sponses to OA in the majority of regions (6, 56). For each study, the
measured calcification rates for each species were linearly regressed against
the temperature and pH values used in control and experimental treat-
ments. We used linear regressions because the bulk of responses were linear;
only two were not linear. We used the calculated linear regression slope and
intercept of each study to estimate the calcification response at today’s pH in
each region at pH projected under future scenarios at RCP2.6, 4.5, and 8.5
for the years 2050 and 2100. A weight corresponding to the relative SD of
the reported responses was given to each study. We then calculated the
mean weighted proportional changes in calcification of the different taxa
between the present values and the six future scenarios (mean responses
represented in Table 1). We acknowledge that the majority of research in-
vestigating the effects of ocean acidification and warming has been con-
ducted in the laboratory, though its negative effects have also been
observed in the field or in flumes exposed to the same seawater pH vari-
ability, light, and nutrients as the collection sites (23, 57).

Monthly data for the following variables were obtained from fully coupled
models in the Coupled Model Intercomparison Project 5 (https://esgf-node.
llnl.gov/projects/cmip5/) for all four RCP experiments [Moss et al. (58)]): sea
surface temperature, surface pressure of CO2, and pH. If multiple model runs
were available, they were averaged before creating a multi-model mean. All
modeled data were remapped to a 1 × 1° resolution grid, and missing data
were filled in the zonal direction using the National Center for Atmospheric
Research Command Language’s (https://www.ncl.ucar.edu/) Poisson grid fill.
The methods and models used to calculate DHWs can be found in Van
Hooidonk et al. (59). The models used for the pH projections can be found in
the supplementary materials of ref. 59.

We did not give a specific weight for each study and did not account for
potential phylogenic relatedness because we did not want to overestimate the
contribution of rare species, but rather considered that themost studied species
are usually the most representative of reef diversity. Traditional log response
ratio tests cannot easily be used to project quantitative changes in organism
responses for a given difference in pH or pCO2 between controls and treat-
ments. These do indicate whether the impacts are significantly different to zero
or whether increasing pCO2 or temperature have larger effect sizes. This is the
case for both pCO2 and temperature effects on coral and coralline algal calci-
fication in our data set. The impacts of ocean acidification on coralline algae
(ΔpCO2: P = 0.012) and corals (ΔpCO2: P < 0.001) and the effects of ocean
warming on coralline algae (Δ°C from summer maximum: P < 0.001) and corals
(Δ°C from summer maximum: P < 0.001) are all significant.

We also estimated the calcification rates at today’s temperature (i.e., 0 °C
anomaly from that used in designated controls, unless stated otherwise in

Table 1. Mean percentage change on individual components of the carbonate budget by 2050 and 2100 relative to today, caused by
ocean warming, acidification and their interactive effects. Values were calculated using multiple linear regressions of responses
measured in the laboratory against region-specific increases in temperature, and decreases in pH. See Table S1 for a full study list.
The 100% increase in sediment dissolution indicates full removal of all sediment within those scenarios.

Values were calculated using multiple linear regressions of responses measured in the laboratory against region-specific increases in temperature and
decreases in pH. See SI Appendix, Table S1 for a full study list. The 100% increase in sediment dissolution indicates full removal of all sediment within those
scenarios. Different colors represent the different RCP scenarios (white 2.6, light blue 4.5, red 8.5).
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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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