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Abstract

Coral bleaching events threaten coral reef habitats globally and cause severe declines of local biodiversity and pro-
ductivity. Related to high sea surface temperatures (55T), bleaching events are expected to increase as a consequence
of future global warming. However, response to climate change is still uncertain as future low-latitude climatic condi-
tions have no present-day analogue. Sea surface temperatures during the Eocene epoch were warmer than forecasted
changes for the coming century, and distributions of corals during the Eocene may help to inform models forecasting
the future of coral reefs. We coupled contemporary and Eocene coral occurrences with information on their respective
climatic conditions to model the thermal niche of coral reefs and its potential response to projected climate change.
We found that under the RCP8.5 climate change scenario, the global suitability for coral reefs may increase up to 16%
by 2100, mostly due to improved suitability of higher latitudes. In contrast, in its current range, coral reef suitability
may decrease up to 46% by 2100. Reduction in thermal suitability will be most severe in biodiversity hotspots, espe-
cially in the Indo-Australian Archipelago. Our results suggest that many contemporary hotspots for coral reefs,
including those that have been refugia in the past, spatially mismatch with future suitable areas for coral reefs posing
challenges to conservation actions under climate change.
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change (Pandolfi et al., 2011) with an increase of only 1—-

Introduction : . .

2 °C in sea surface temperature potentially causing
Habitats are key for the persistence of biodiversity and bleaching of coral species (Jones et al., 2004). Mass mor-
productivity but, under climate change, changing envi- tality events related to coral bleaching have recently
ronmental conditions may decrease their suitability become a frequent phenomenon and are threatening
(Graham et al., 2006; Carnaval et al., 2009; Yannic et al., the integrity of reef habitats and their associated high
2014) imperilling the viability of closely associated spe- biodiversity (Jones ef al., 2004; Pandolfi ef al., 2011).
cies (Bellard et al., 2012; Pellissier et al., 2014). Coral reef Hence, there is an urgent need to increase our capacity
habitat is home to over a million species (Knowlton to predict the potential consequences of ongoing cli-
et al., 2010) and provides essential ecosystem services mate change on coral reefs to better anticipate potential
sustaining over 500 million people worldwide (Moberg biodiversity loss (Frieler et al., 2012; Couce et al., 2013;
& Folke, 1999). Although highly diverse, coral reefs are Van Hooidonk et al., 2013).
among the most vulnerable habitats to future climate Coral reefs persist only within relatively narrow

ranges of environmental conditions (Kleypas et al.,
Correspondence: Loic Pellissier, tel. +41 26 300 8871, fax +41 26 1999). Corals critically depend on transient relation-
300 9741, ships with photosynthetic dinoflagellates, but this sym-
e-mail: loic.pellissier@unifr.ch biosis is negatively affected by positive anomalies in
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sea surface temperatures (SST) (Wooldridge, 2013). As
most coral reefs reside in temperatures near their upper
limits of thermal tolerance (Glynn, 1993; Coles & Brown,
2003), even a low rise in ocean temperature may result
in extensive coral bleaching. Although corals can at
times recover from bleaching, frequent or exceptional
large-scale events may reduce this capacity leading to a
long-term degradation of coral reefs (De’ath et al., 2012).
In contrast, improvement of coral growing conditions at
higher latitude allows tropical species to expand their
distributional range (Vargas—Angel et al., 2003; Yamano
et al., 2011). The ultimate consequence of climate change
on worldwide coral reef ecosystem remains uncertain
and ranges from optimistic scenarios of adaptation
(Hoegh-Guldberg, 2014; Palumbi et al., 2014) to a strong
negative effect of climate warming implying coral reef
contraction at low latitudes (Hoegh-Guldberg, 1999;
Carpenter et al., 2008).

Warming conditions similar to those currently expe-
rienced by coral reefs already occurred in the geological
past. Therefore, historical reef contraction at low lati-
tudes and their parallel expansion to higher latitudes
may have been documented in geological records (Pan-
dolfi & Kiessling, 2014). Indeed, Kiessling et al. (2012)
showed evidence of reef contraction at low latitude
during the last interglacial period (around 125 thou-
sand years ago) together with species range shifts to
higher latitudes, when ocean temperature was 0.78 °C
warmer than today (McKay et al., 2011; Kiessling et al.,
2012). During the Eocene epoch, SST were warmer than
today by up to 6 °C (Hollis et al., 2009; Bijl et al., 2010)
and coral reefs were mainly concentrated in mid-lati-
tudes (Fliigel & Kiessling, 2002; Lathuiliere & Marchal,
2009). During this epoch, the highest temperatures
occurred in the eastern Tethys around the Indian sub-
continent and on the eastern side of Africa, up to
Northeast Africa, while the western Tethys and palaeo-
Atlantic oceans were immersed in relatively cooler
waters, as were southern latitudes near Australian con-
tinent (Huber & Caballero, 2011). In the warmest east-
ern Tethys, the geological record indicates a decline in
coral reefs (Scheibner & Speijer, 2007), while they
remained extensive in the western Tethys and palaeo-
Atlantic oceans (Scheibner & Speijer, 2008). The
response of Tethyan reef systems to the Eocene warm
period may provide a potential analogue to ongoing
shifts in coral reef ecosystems.

Coral reef decline under climate change may cause
extinction cascades given the large number of species
that depend on coral habitat (Wilson et al., 2008). Coral
growth generates structurally complex reefs that pro-
vide habitat to many marine species (Pratchett et al.,
2014). In turn, warming and subsequent coral bleaching
negatively impacts the structure of coral reef habitats

and associated species assemblages (Wilkinson, 1999;
Bellwood et al., 2005; Elith et al., 2006; Garpe et al.,
2006). In particular, coral reefs support a high diversity
of fishes that directly or indirectly depend on corals for
their survival (Jones et al., 2004). Loss of live coral
decreases habitat structure and complexity inducing a
general decline in reef fish diversity and abundance
(Jones et al., 2004), this decline being far more severe
for highly specialized fishes that live, feed or settle on
live corals (Wilson et al., 2006) and imperilling produc-
tivity that sustains fisheries (Rogers et al., 2014). A glo-
bal assessment of the consequence of climate-induced
coral reef degradation on fish diversity is thus essential,
particularly at low latitude where severe climate warm-
ing is expected to threaten biodiversity hotspots.
Models have been developed to investigate the fate
of coral reefs under scenarios of climate change using
distinct empirical sources (Frieler et al., 2012; Couce
et al., 2013; Van Hooidonk et al., 2013). In particular,
niche-based models permit mapping of the tempera-
ture-driven decline in coral reef suitability (Couce et al.,
2013). The main limitation of this approach is that in
several regions, the future climates have no present-
day analogue, thereby limiting inferences based on
comparison with today’s occurrences (Guisan & Thuil-
ler, 2005; Couce et al., 2013). Indeed, using niche-based
models to forecast the future distribution of species is
relevant only if these models are able to incorporate the
complete response curve along wide environmental
gradients (Guisan & Thuiller, 2005). Multi-temporal
model calibration may allow calibrating complete
response curves and projecting in nonanalogous cli-
mates (Nogués-Bravo et al., 2008; Maiorano et al., 2012),
but strongly relies on the assumption that fossil records
during the past periods reflect environmental limits.
Here, we assess future coral reef suitability loss
under climate change using niche-based models that
were informed by contemporary and Eocene reef distri-
butions. We calibrated our niche model of coral reefs
by combining fossil data during middle Eocene
(50—40 Ma) and present-day coral reef occurrences cou-
pled with present and past climatic conditions (Huber
& Caballero, 2011). Palaeo-climate simulations from cli-
mate models provide spatially explicit outputs of large-
scale patterns of temperature for ancient time periods.
The result of EOCENE-2240 simulation that was carried
out with 2240 ppm of CO, is a good fit to middle
Eocene climate (Eldrett ef al., 2009; Huber & Caballero,
2011). Next, we used our niche-based models to fore-
cast future coral reef thermal suitability and to identify
the locations that may be most vulnerable to climate
change. Finally, we assessed whether present-day fish
diversity hotspots are expected to decrease in suitabil-
ity for coral reefs in the future using the most compre-
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hensive distribution database of reef-associated fishes
(Pellissier et al., 2014).

Materials and methods

Past, current and future SSTs

We mapped current and future SSTs using global ocean
simulations for the periods 20052014, 2050-2060 and
2090-2100. We considered two projections performed using
two different state-of-the-art climate models: EC-Earth and
IPSL-CM5A-LR, both participating in CMIP5. The version
(V2.3) of EC-Earth (Sterl et al., 2012) is a fully coupled
atmosphere ocean general circulation model (AOGCM),
with oceanic (Nucleus for European Modelling of the
Ocean, NEMO), sea-ice (LIM2) and land-surface (HTESSEL)
components having been coupled to the IFS atmospheric
forecast model through the OASIS3 (Valcke, 2006) coupler.
The ocean configuration of NEMO has a resolution of
1°x1° with a meridional refinement to 1/3° at the equator,
referred to as the ORCA1 grid. Using 42 vertical z-layers,
vertical ocean resolution increases from 10 m at the surface
to 300 m at depth and reaches down to 5500 m. The sec-
ond AOGCM used here is IPSL-CM5A-MR (Dufresne et al.,
2013) in its medium-resolution (MR) version as developed
for CMIP5. This model is also using NEMO (Madec, 2008)
with a resolution of 2°x2° with a meridional refinement to
1/2° at the equator, referred to as the ORCA2 grid. It has
31 vertical z-layers and also uses tripolar grid. It is associ-
ated with LIM2 sea-ice model (Fichefet & Maqueda, 1997)
and the PISCES module, representing oceanic biogeochem-
istry (Aumont & Bopp, 2006), which interacts with the
ocean physics and dynamics. The ocean is coupled to
LMD5 (Hourdin et al., 2013) atmospheric model with a
144 x 144 x L39 regular grid associated with land-surface
model ORCHIDEE (Krinner ef al., 2005). The coupler used
is also OASIS3. The IPSL-CM5A-MR AOGCM  therefore
also provides ocean acidity values that were converted into
aragonite saturation state. The models have been forced by
the RCP4.5 or RCP8.5 scenarios (RCP stands for represen-
tative concentration pathway, the number 4.5 and 8.5 rep-
resent the net radiative forcing at the top of the
atmosphere due to anthropogenic emissions and land-use
changes at the year 2100 in W m ?, cf. Moss et al., 2010)
over the period 2006-2100. We therefore analysed four pro-
jections including two different models and two different
emission scenarios. For the Eocene, we used the EOCENE-
2240 simulation with a forcing of 2240 ppm of CO, (Huber
& Caballero, 2011).

Niche-based modelling

We coupled current data with data from the middle Eocene
rather than early Eocene (that was even warmer) to match
with the temporal window of the climatic EOCENE-2240
simulation because fossil records for the early Eocene are
too scarce. We collected 204 fossil occurrences of coral reefs

from www.paleodb.org for the middle Eocene (50-40 Ma).
During that period, coral fossil records were well repre-
sented in the western Tethys, eastern Pacific and Atlantic
oceans, but in very low frequency in eastern Tethys charac-
terized by high mean annual SST up to 36.7 °C (Huber &
Caballero, 2011). This is unlikely to result from a lack of
sampling effort given the abundant fossil records (>150) of
bivalves, gastropods and ostracods from the coast of the
subcontinent of India during the same period (www.paleo-
db.org). Current coral reef geographical locations were
obtained from www.reefbase.org and comprised 8789 occur-
rences.

To model coral reef thermal suitability, we used generalized
linear models (GLM, McCullagh & Nelder, 1989) with a bino-
mial distribution and a logistic link function as implemented
in the r environment (R Development Core Team, 2010). This
technique avoids over-fitting which is problematic when deal-
ing with palaeo-models (Nogués-Bravo et al., 2008; Svenning
et al., 2011). We calibrated the model using both a linear and a
quadratic term allowing the fit of a hump-shaped curve with a
temperature optimum. We coupled fossil records (i.e. 204
points) with the same number of randomly selected current
occurrences. We selected pseudo-absences randomly across
the oceans as models based on randomly selected pseudo-
absences show higher performance (Wisz & Guisan, 2009). We
randomly selected 204 pseudo-absences coupled with current
SST and 204 pseudo-absences coupled with past SST. Averag-
ing several runs with fewer pseudo-absences and equal
weighting for presences and absences represents the best
approach in regressions and discriminant analyses (Barbet-
Massin et al., 2012). Therefore, we ran 100 models resampling
current presences and pseudo-absences. We considered the
average of the estimated parameters for the model projections.

We computed the explained deviance of the modelled
response curve. To evaluate the predictive performance of the
models, we used five runs of split sample, first calibrating the
models on 70% of the data and validating on the remaining
30%. We measured model performance by true skill statistic, a
threshold-dependant evaluator that compares the sensitivity
(presences correctly predicted) and specificity (absences cor-
rectly predicted) of the model to a hypothetical set of perfect
predictions (TSS, Allouche ef al., 2006). According to Thuiller
et al. (2010), models with TSS < 0.4 are considered to be poor,
whereas those with TSS > 0.4 are considered to have fair-to-
excellent accuracy. We hindcasted the modelled response curve
to SST reconstructed for the middle Eocene and forecasted
under climate change scenarios. We compared the forecasted
coral reef thermal suitability for current period (2005-2014),
mid-century (2050-2060) and end of century (2090-2100),
respectively, globally and in tropical waters (>25 °C). Thermal
suitability for coral reef was combined with bathymetry exclud-
ing area with a depth over 75 m (Kleypas et al., 1999; Pellissier
et al., 2014). We computed the shift (positive or negative) in
suitability between current and future conditions and the total
change in suitability relative to current suitability values.
Finally, we compared shift in thermal suitability along latitude
to the expected shift in aragonite saturation state, to evaluate
the future of coral reefs under both drivers of change.
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Consequences on coral reef biodiversity

By examining almost 500 references and extracting informa-
tion from published works, regional checklists, monographs
on specific families or genera, and reports (Fig. S1), we
obtained information on the presence/absence of 6316 reef
fishes in grid cells of 5°x5°, corresponding to approximately
555 x 555 km at the equator (Parravicini et al., 2013; Pellissier
et al., 2014). In addition, we used the distribution maps of 838
coral species IUCN, 2014) to extract the species composition
for each grid cell of 5°x5°. We tested the relationship between
shift in thermal suitability (current 2005-2014 compared to
end of the century 2090-2100) and the coral and reef fish spe-
cies richness using GLM with a quasi-Poisson distribution.
We fitted models including both linear and quadratic terms.
Finally, we assessed whether some fish categories may face
larger decrease in suitability. Each fish species was classified
into categories according to the following specializations: coral
feeders, species associated with coral reef habitat and species
with specific biotic interactions (urchins, anemones, seagrass-
es, etc.). For each species, we computed the mean shift in suit-
ability for coral reef over the occupied cells. We tested the
relationship between species range shift in suitability and fish
trait categories using a linear model associated with an F-test.

Results

Model validation and response curves

The GLM response curve showed a hump-shaped rela-
tionship between SST and suitability for coral reefs
(Fig. 1). Considering a quadratic term in the model
allowed a better fit (AIC,ean averaged across the 100
runs = 635.4) compared to linear term only
(AICnean = 767.6) indicating a temperature optimum
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Fig. 1 Thermal response curve of the generalized linear models
(GLM) relating both current geographical location and fossil
occurrences to yearly average sea surface temperature for the
current and Eocene periods, respectively. The range of grey val-
ues represents the variability related to the selection of presence
and pseudo-absence. Blue points represent current presences
and pseudo-absences, while red points represent past data used
to calibrate the models.

for coral reefs. The explained deviance was higher
(Dmean = 0.41) for the model including both linear and
quadratic terms than for the model with only a linear
term (Dppean = 0.25). Our results showed credible pre-
dictive power, when validated on both current geo-
graphical locations (TSS = 0.81) and fossil occurrences
(TSS = 0.74).

Projections under climate change scenarios

According to the hindcasted model to reconstructed
Eocene climatic conditions, high thermal suitability for
coral reefs extended up to 50° of latitude, but suitability
was low along the coasts of the subcontinent of India
from the north-eastern side of Africa (Fig. S2). The
hindcasted model also indicated that coral reef suitabil-
ity during the middle to late Eocene was highest in the
west Tethys Sea as well as along a latitudinal belt from
Madagascar to Palaeo-Australia (Fig. S2).

Comparing the current and future thermal suitability
for the RCP8.5 scenario, we found that the total suitabil-
ity of coral reefs may globally increase up to 16% using
EC-Earth RCP8.5 scenario, following an increase in
thermal suitability for coral reefs at high latitudes. In
contrast, using the IPSL-CM5A-MR RCP8.5 scenario,
total suitability shows a more balanced trend between
increase and decrease for the period 20902100, given a
more pronounced decrease in thermal suitability at low
latitude (Table 1).

When considering only the surface currently occu-
pied by coral reefs (i.e. area with SST >25 °C, Kleypas
et al., 1999) at lower latitudes, current total suitability
would decrease by 32% using the EC-Earth RCP8.5 sce-
nario and by 46% using the IPSL-CM5A-MR RCP8.5
scenario for the period 2091-2100 (Table 1). In the most
sensitive cells, future suitability is forecasted to
decrease by up to 0.47 using the EC-Earth RCP8.5 sce-
nario and 0.44 using the IPSL-CM5A-MR RCP8.5 sce-
nario compared to current suitability for coral reefs in
those cells (Table 1). The most impacted areas accord-
ing to both the EC-Earth and the IPSL-CM5A-MR
RCP8.5 scenarios correspond to the tropical Indo-Paci-
fic Ocean. While thermal suitability is forecasted to
increase at high latitudes, the IPSL-CM5A-MR coupler
forecasted an average decrease in aragonite saturation
state of 1.2 unit change across all latitude (Fig. 3).

Consequences on coral reef biodiversity

Coral and fish diversity hotspots are generally associ-
ated with a negative shift in coral reef thermal suitabil-
ity. We found a negative relationship between the total
fish species richness and the shift in suitability between
current and future climatic conditions under the
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Table 1 Suitability for coral reefs across the globe

Total suitability

change (%)

- Max. Max.

Global >25 °C increase decrease
EC 4.5 2050 4.02 —13.44 0.23 -0.12
EC 4.52100 9.14 —22.88 0.33 —-0.18
EC 8.5 2050 8.67 —27.64 0.28 —0.24
EC 8.5 2100 16.00 —31.81 0.42 —0.47
IPSL 4.5 2050 —3.98 —37.23 0.49 —0.23
IPSL 4.5 2100 —2.40 —38.39 0.52 —0.22
IPSL 8.5 2050 -1.83 —38.39 0.52 —0.21
IPSL 8.5 2100 0.00 —46.28 0.66 —0.44

Total suitability provides

the percentage

increase or

decrease in the sum of cell suitabilities globally or in cur-
rently occupied areas (sea surface temperature >25 °C). The
maximum increase and decrease columns indicate the
extremes of suitability increase or decrease in individual
cells across the globe for the two AOGCMs EC-Earth (EC)
and IPSL-CM5A-MR (IPSL) and two climate change scenar-
ios (RCP4.5 and RCP8.5).

RCP8.5 scenario (Table 1; Fig. 4), both using the
EC-Earth RCP8.5 scenario (R? = 0.34, linear = —8.8,
P <0.0001, quadratic t =1.9, P = 0.04) and the IPSL-
CM5A-MR RCP8.5 scenario (R? = 0.38, linear t = —10.8,
P <0.0001, quadratic t = 0.01, P = 0.5). A similar nega-
tive relationship exists between coral species richness
and the shift in suitability, both using the EC-Earth
RCP8.5 scenario (R? = 0.29, linear t = —7.6, P < 0.0001,
quadratic t =14, P =0.17) and the IPSL-CM5A-MR
RCP8.5 scenario (R? = 0.34, linear t = —10.0, P < 0.0001,
quadratic t = —0.5, P = 0.6). The Indo-Pacific Ocean is
richer than the Atlantic for both coral and fish taxa and
is expected to undergo a higher loss in thermal suitabil-
ity for coral reefs (Fig. S1; Fig. 2).

Considering fish categories, we found that species
feeding on corals or with dependency on coral reef hab-
itat are associated with areas with slightly stronger
decrease in suitability compared to species having
other types of biotic interactions or no interaction with
coral reefs (Fig. 4). This result was consistent under
both the EC-Earth (R* = 0.07, F = 73.1, P < 0.0001) and

(a)
e

Fig. 2 Differences between current and projected future thermal suitability for coral reefs for areas with current sea surface tempera-
tures (SST) >25 °C in the globe oceans. A decrease in suitability indicates a decrease in the likelihood of coral reef persistence. Shown
are the projected shifts for (a) mid-century (2051-2060) and (b) end of century (2091-2100) for AOGCM EC-Earth RCP8.5 scenario, and
in the same in ¢) and d) for ISPL RCP8.5 scenario. Orange-red areas indicate areas that are expected to show a decrease in thermal suit-
ability, while blue areas indicate an increase in suitability for coral reefs.
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the IPSL-CM5A-MR RCP8.5 scenarios (R* = 0.08,
F =829, P <0.0001). However, the explained deviance
of the relationship was low, thus limiting confident
forecasts based on fish categories.

Discussion

There is growing concern that the increase in frequency
and severity of mass bleaching events may lead to
major losses of coral reef habitat and their associated
biodiversity in the near future (Hughes et al., 2003;
Baker et al., 2008, Van Hooidonk et al., 2013). So far,
future projections of coral reefs suitability were limited
by the lack of climate analogues to those expected for
the near future (Couce et al., 2013). Here, we overcome
this limitation by combining current coral reef occur-
rences with fossil records from the Eocene, thereby
modelling the full response curve of coral reef suitabil-
ity (Fig. 1). Future projections of the modelled response
curve indicate that the most marked decrease in coral
reef thermal suitability will involve the most species-
rich areas for both coral and fish species. As persistent
coral reef habitat is essential to preserve marine biodi-
versity (Pellissier et al., 2014; Rogers et al., 2014), a
decreasing suitability in biodiversity hotspots will pose
new challenges to conservation actions including the
design of reserve networks or the focus on the most
vulnerable lineages or life-history traits (Mumby et al.,
2011; Andrello et al., 2014).

Tropical coral reefs have been hypothesized to occur
very close to their upper tolerance threshold for tem-
perature (Hallock ef al., 2006), and our response curve
of the model confirmed this. Our records from the
Eocene and contemporary times confirm that the ther-
mal suitability for coral reefs strongly decreases in SST
conditions warmer than approximately 32 °C (Fig. 1).
This threshold corresponds to the responses of individ-
ual species observed in laboratory experiments (Glynn
& D’Croz, 1990; Iglesias-Prieto et al., 1992; Randall &
Szmant, 2009). For instance, Iglesias-Prieto et al.(1992)
showed how Symbiodinium photosynthesis decreases
above a temperature of 30 °C and ceases completely at
34-36 °C. Many other species show reduced survivor-
ship beyond a temperature of 32 °C, but some show a
higher tolerance. For instance, northern Red Sea corals
species are able to tolerate temperature up to 34 °C
(Fine et al., 2013), but these warm areas are character-
ized by lower densities of zooxanthellae (Fine et al.,
2013). Transplantation experiments have shown that a
coral species (Acropora hyacinthus) can acclimatize to
temperatures as high as 34 °C within a 2-year period
suggesting potential for adaptation to warmer
temperature (Palumbi ef al., 2014). So far, extreme SST
anomalies remain episodic events, but according to the

IPSL-CM5A-MR RCP8.5 scenario, the annual mean
temperature may reach 34.7 °C by 2100 in the Indo-
Pacific Ocean, implying a durable stress on coral reefs
in tropical regions. Our forecasted coral reef suitability
loss in tropical waters corroborates monitoring studies
which indicate increase by 30% of coral mortality rates
since the 1980s (Donner et al., 2005). The growth of
Porites spp. on the Great Barrier Reef decreased in calci-
fication rate by 21% between 1988 and 2003 (Cooper
et al., 2008), while analyses of the reef-forming coral
Diploastrea heliopora in the Red Sea revealed a decrease
by 30% of growth since 1998 (Cantin et al., 2010). In
turn, coral reef may retract from lower latitude, possi-
bly replaced by other forms of reefs (Bell et al., 2013).

With their biological and structural complexity, coral
reefs support the world’s greatest diversity of marine
fishes and biomass productivity each year (Price et al.,
2011; Parravicini et al., 2013; Pellissier et al., 2014; Rog-
ers et al., 2014). Current hotspots of fish and coral diver-
sity occur in the regions with the warmest SST such as
the Indo-Australian Archipelago, the Maldives or the
Red Sea because those regions served as refugia during
cold periods of the Quaternary (Pellissier et al., 2014).
However, those regions will also be the first to show a
reduction in habitat suitability under warmer climate
(Fig. 2). Moreover, our results indicate that species spe-
cialized on coral reefs are disproportionally distributed
in regions with high decrease in suitability (Fig. 4). Our
results have therefore strong implications for the con-
servation of marine tropical biodiversity hotspots that
provide essential food provision as they are found to be
more prone to a loss of coral reef thermal suitability
under climate change.

The net effect of climate change on coral reefs ther-
mal suitability will be positive at higher latitudes. Colo-
nization of higher latitudes by reef-forming coral
species is already underway as seen in Japan (Yamano
et al.,, 2011) and Florida (Vargas—AngeI et al., 2003).
However, while thermal condition for coral growth will
increase at higher latitude, the aragonite saturation
state will decrease across all latitudes and this may
slow coral colonization of high-latitude reefs (Fig. 3,
Van Hooidonk et al., 2013). The main uncertainties for
fish biodiversity are the amount of time required for
coral reef habitats to form at higher latitudes and
whether species in current hotspots will be able to dis-
perse to these new habitats in time to escape extinction
as habitats at lower latitudes become lost. Mora et al.
(2012) suggested that dispersal is probably not a major
concern for most fish species to reach newly available
area; however, species with especially short larval stage
may find dispersal to new distant habitats to be a chal-
lenge (Luiz et al., 2013). The low fish species diversity
encountered in many suitable reef habitats at low lati-
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Fig. 3 (a) Relationship between shift thermal suitability for coral reefs (in orange), shift in aragonite saturation state (in blue) and lati-
tude (degree) for ISPL RCP8.5 scenario for the period 2050-2100. The dashed lines represent quantile regression on the 5th and 95th
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Fig. 4 (a) Relationships between the shift in suitability between current (2005-2014) and future (2090-2100) sea surface temperature
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specialist, showing biotic interactions with species occupying the reef or no interaction. Results for EC-Earth RCP8.5 scenario is shown

in blue and IPSL-CM5A-MR RCP8.5 scenario in green.

tudes may be explained by limited dispersal capacity
and high habitat specialization that limited recoloniza-
tion rates since the last glacial maximum (Pellissier
et al., 2014). It is therefore unlikely that specialized spe-
cies can disperse in a manner to keep pace with ongo-
ing climate change. Human-mediated transport via
ballast water may help species colonize distant suitable
habitat. Assisted transplantation of coral reefs in suit-
able regions under climate change might also be an
alternative to preserve coral reef biodiversity under cli-
mate change (Coles & Riegl, 2013).

As any study that relies on fossil data (Nogués-Bravo
et al., 2008; Lorenzen et al., 2011), our results are based
on the assumption that the fossil sample is representa-
tive of a taxon’s environmental range limit. Our study
assumes that the absence of fossils of coral reefs in the
eastern Tethys Sea during the Eocene was caused by
unsuitable thermal conditions. Fossils of other marine
organisms in eastern Tethys Sea seem to discount possi-
ble sampling effect, but it is possible that the fossil
record under-represents past coral distribution. In

addition, we assumed that the low frequency of coral
reef fossils in the eastern Tethys Sea was the result of
high SST, but other associated factors such as increased
or decreased salinity, sea-level rise (Speijer & Morsi,
2002) or ocean acidifications (Zachos et al., 2005; Gibbs
et al., 2010) and other geochemical changes (Cohen
et al., 2007) during the Eocene might also have
impacted coral reefs. Similarly, when projecting reef
suitability under climate change scenarios, we only
considered SST, while ongoing ocean acidification
across latitudes is also a major concern for the future of
coral reefs (Hoegh-Guldberg et al., 2007). Finally, here
we modelled coral reef suitably along a gradient of
yearly average SST, while extremes of high temperature
during events such as ENSO may increase the pace of
coral degradation (Toth et al., 2012).

Opverall, our results forecast locations of expansion of
coral reef habitat and potential range reduction under
warmer climate. Our model coupling both current coral
reef occurrences and fossil records suggests that the pro-
jected rise of SST may cause retraction of coral reefs from
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low latitudes, with dire consequences on biodiversity
associated with this habitat. If this happens, these coral
reef ecosystems may shift towards systems that are
dominated by other organisms such as sponges,
cyanobacteria and algae (Bell ef al., 2013), hence reduc-
ing the current services that these ecosystems currently
provide (e.g. tourism and fisheries) with up to threefold
fish productivity loss (Rogers et al., 2014). Even if tem-
peratures at higher latitudes become more favourable in
the future, given that ocean acidification remains lim-
ited, coral reef formation will take time and only the
most vagile fish species will be likely to colonize over
such great distances. As for higher latitudes, locations
with intermediate water depths areas may offer cooler
water temperature and could act as refuge area for coral
reefs (Riegl & Piller, 2003; Lesser et al., 2009). Further
study should investigate the role of depth refugia and
other micro-refugia in preserving coral reef biodiversity.
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