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Abstract

The stability and persistence of coral reefs in the decades to come is uncertain due to global warming and repeated
bleaching events that will lead to reduced resilience of these ecological and socio-economically important ecosystems.
Identifying key refugia is potentially important for future conservation actions. We suggest that the Gulf of Aqaba
(GoA) (Red Sea) may serve as a reef refugium due to a unique suite of environmental conditions. Our hypothesis is
based on experimental detection of an exceptionally high bleaching threshold of northern Red Sea corals and on the
potential dispersal of coral planulae larvae through a selective thermal barrier estimated using an ocean model. We
propose that millennia of natural selection in the form of a thermal barrier at the southernmost end of the Red Sea
have selected coral genotypes that are less susceptible to thermal stress in the northern Red Sea, delaying bleaching

events in the GoA by at least a century.
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Introduction

Coral reefs, Earth’s richest and most diverse ecosystem,
are deteriorating rapidly (De’ath ef al., 2012) with the
possibility that stony corals will no longer dominate
reefs (Hoegh-Guldberg et al., 2007) by 2100. This may
have severe ecological and socio-economical conse-
quences as the recovery from such a state might be
slow and prolonged. Among the causes, ocean acidifi-
cation and global warming are often considered the
most critical issues. The latter, already affecting coral
reefs world-wide, is manifested as mass coral bleaching
events.

Observational and experimental evidence (Hoegh-
Guldberg, 1999) indicates that corals bleach when
ambient water temperatures exceed the local summer
maximum by 0.5-1.5 °C (hereafter ‘bleaching rule’).
During bleaching the symbiosis between the coral host
and its Symbiodinium dinoflagellates (zooxanthellae)
weaken, resulting in the loss of the coral’s main energy
source and in deceleration of calcification. As this sym-
biosis with Symbiodinium allowed for the prosperity of
coral reefs in tropical, oligotrophic waters over a long
geological history, an increase in the prevalence of
bleaching events is alarming.

Susceptibility of coral reefs to and recovery from
bleaching events is hitherto unclear (Brown & Cossins,
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2011). Repetitive exposures to thermal stress were sug-
gested as one of the mechanisms leading to increased
tolerance (Brown et al., 2002; Van Woesik et al., 2012;
Barshis et al., 2013). Corals occupying areas with vari-
able conditions are also reported to have a higher ther-
mal resistance (Mcclanahan et al.,, 2007; Guest et al.,
2012) and lower sensitivity to bleaching (Oliver &
Palumbi, 2011). Overall, the sensitivity/resilience of
corals to bleaching is species specific (Marshall & Baird,
2000) and depends on the coral host, its symbionts
(Rowan, 2004; Berkelmans & Van Oppen, 2006) and
their acclimatization history (Oliver & Palumbi, 2011).
Recent advances in genomic techniques explain the
inherent thermal resilience of corals in their ability to
express or shut down an array of heat stress-related
genes (Desalvo et al., 2010; Barshis et al., 2013; Grana-
dos-Cifuentes et al., 2013) these in turn, up or down-
regulate expression of cellular mechanism such as heat
shock proteins (Leggat et al., 2011), programmed cell
death (Kvitt et al., 2011), and antioxidant enzymes
(Granados-Cifuentes et al., 2013) which determine the
physiological capacity to withstand heat stress. Yet, the
general perception is that given the current trends of
global warming, an increase in intensity and frequency
of mass bleaching events are inevitable and will threa-
ten some of the world’s richest reefs.

Rinkevich (2005) highlighted the need to conserve
the gene pool of reef building corals for possible future
reseeding of lost reef areas. Conserving coral gene pool
is motivating both in vitro (Hagedorn et al., 2012) and
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in situ (Horoszowski-Fridman ef al., 2011) actions,
including ‘Assisted Colonization’, that is, transplanta-
tion of corals to identified ‘refugia’ (Hoegh-Guldberg
et al., 2008) but see (Howells et al., 2013). Here, we pro-
pose that the Gulf of Aqaba (GoA), northern Red Sea, is
a natural refugium due to its latitudinal location, topog-
raphy, oceanography, and especially its recent geologi-
cal history.

More than three decades after the first reported mass
bleaching event, coral reefs in the GoA have remained
bleaching-free, even when sea surface temperatures
exceeded the local average summer maximum by
2.0 °C as in 2010 and 2012. This cannot be explained by
the high latitude of the GoA (28-29.5°N) alone, since
severe bleaching events have also been reported from
high latitude (Debose et al.,, 2013) and the world’s
southernmost reefs (32.0°S) (Dalton & Carroll, 2011;
Harrison et al., 2011). Similarly, it cannot be explained
by repetitive exposures to increased or variable temper-
ature. During the 1997-1998 and 2010 world-wide
bleaching events, many areas in the Gulf of Aden, out-
side the Red Sea, were affected by bleaching (Kotb
et al., 2004), while within the Red Sea the bleaching was
limited to some shallow-water reefs near Eritrea and
Yemen where seawater temperature exceeded 38 °C
(Kotb et al., 2004).

In this study, we present a plausible explanation to
why corals inhabiting the reefs of the GoA do not
follow the ‘bleaching rule’. We hypothesize that a selec-
tion process, occurring over the last few millennia at
the straits of Bab el Mandeb (southern Red Sea) and the
southern Red Sea, favors thermally resistant coral
genomes. When these corals disperse northward and
settle in cooler water of the GoA, they live much below
their bleaching threshold.

Material and methods

Laboratory experiments

This study was performed at the Interuniversity Institute for
Marine Science (IUI, Eilat, Red Sea, Israel; 29°30'N, 34°56'E).
The sensitivity of GoA corals to high temperatures was tested
with the following five common species, all known to bleach
in Indo-Pacific reefs (Pandolfi et al. 2011): the branching Stylo-
phora pistillata, Pocillopora damicornis, and Acropora eurystoma
and the massive Favia favus and Porites sp. The corals were
collected at 3-5 m depth in front of the IUI, fragmented, and
allowed to recover and acclimate at ambient temperature for
3 weeks before the onset of the experiment. Incubation took
place in 25 5-1 aquaria (5 per species, 5 fragments per aquar-
ium) with running seawater (water replacement rate of 2 h™h.
Heaters and chillers were used to control temperature and
data loggers were used to record temperature fluctuations in
the aquaria.
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Incubation experiments were conducted in winter (Febru-
ary) and summer (August) 2010 when the average seawater
temperatures were 22.5 and 27.2 °C, respectively. Light inten-
sity was adjusted using a shade cloth to match light levels at
the collection depth (mid-day levels of 500-750 and
750-1200 ymol quanta m * s’
respectively).

Corals were incubated for 4 weeks in water temperatures of
up to 33 °C, ca. 6 °C warmer than the average summer maxi-
mum. We define summer maximum as the multi-annual
(1988-2012) average sea surface temperature (SST) for the
summer period (July—September, = 26.1 °C).

Temperature was raised 1 °C per 72 h and corals were sam-
pled (n =4) at five sampling points along the temperature
gradient (23, 26, 28, 30, and 33 °C in February; 26, 29, 32, 33,
and 34 °C in August). The remaining five fragments per
species were incubated for additional 34 weeks at the highest
temperature and observed for signs of bleaching.

Biological examination included quantification of zooxan-
thellae and chlorophyll concentration per cell. Zooxanthellae
cell counts were normalized to coral tissue biomass (total
protein content) and chlorophyll concentration was calculated
per zooxanthella cell (Krief et al., 2010).

The photosynthetic capacity of symbiotic dinoflagellates in
the examined species were examined using an imaging pulse
amplitude modulated fluorometer (I-PAM, Walz Gmbh, Effel-
trich, Germany) at every sampling point on the fragments that
were later sacrificed for zooxanthellae counts and chlorophyll
concentration measurement. A rapid light curve (RLC) was
performed to measure changes in Fv/Fm following the
incubation in elevated temperature. Measurements of maxi-
mal quantum yield were performed following a 20 min dark
acclimation.

in February and August,

Warming trends and bleaching prediction

Warming trends were calculated for the warmest month in
each region: August in the GoA, September in the southern
Red Sea, and June in the Gulf of Aden. SST data for the north-
ern GoA were obtained from measurements made since 1988
once a day between 08:00 hours and 09:00 hours (local time)
at the Eilat Coral Reef Nature Reserve at a fixed point, ca.
10 m seaward of the reef flat, using a standard ‘bucket ther-
mometer’ (+0.05 °C precision) lowered to the water from the
pier of the Underwater Coral Observatory Park. SST for non-
working days (weekends and holidays) was calculated based
on interpolation between the two proximal measurements.
Daily SST anomalies were calculated for the summer period
(July-September) of each year as the deviation of the daily SST
from the long-term (1988-2012) average of those 3 months
(26.1 °Q).

Sea surface temperature data for the Red Sea and the Gulf
of Aden were obtained from the world-wide coastal warming
assessment webpage (Lima & Wethey, 2012). Four sites in
each location were selected and the average warming trend
of the warmest month in each region was calculated (°C per
decade). We then extracted the predicted maximum SST in
2030, 2050 and 2100.
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Larval dispersal modeling

Using an ocean model [MITgem (Marshall et al., 1997a, b)]
adapted to the Red Sea (Biton et al., 2008, 2010), we evalu-
ated the spatial extent of the dispersal of larvae entering the
Red Sea from the south. The model domain included the
entire Red Sea area and the northern Gulf of Aden, extend-
ing to 45°E. The bathymetry in our model is based on
2 min Worldwide Bathymetry/Topography dataset (ETO-
PO2) (ETOPO2 data are available at http://www.ngdc.noaa.
gov/mgg/bathymetry/reliefhtml.) A full surface mixed
layer scheme, referred to in the literature as the K-Profile
Parameterization scheme, is employed (Large et al., 1994).
The spatial resolution was 2’ across the Red Sea and 5'
along its main axis. The water column is resolved by 13
levels in the vertical, with seven of these layers concentrated
in the upper 200 m to capture the complex dynamics of the
upper ocean.

To simulate the present-day conditions, at the surface we
impose monthly average climatological atmospheric data,
including surface zonal and meridional wind vector compo-
nents, surface air temperature, specific humidity, precipita-
tion, incoming short-wave and long-wave radiation, all
based on Da Silva ef al. (1994). Evaporation and surface
turbulent flux components such as latent heat, sensible heat,
and wind stress were calculated by the model based on the
applied atmospheric data and used the methodology
described in Large & Pond (1981, 1982). Overall, the model
results for the present-day Red Sea reproduce rather well
the main features of circulation and hydrography of the Red
Sea, including the surface circulation and the exchange flux
at the Strait of Bab el Mandab (Biton et al., 2008, Supplemen-
tary Information).

To simulate the circulation during the Holocene, we con-
duct a series of experiments designed to investigate the sensi-
tivity of the Red Sea to sea level and atmospheric changes
(that are plausible for the Holocene), as detailed in Biton et al.
(2010). Model results for the early Holocene (a relatively
humid period) and late Holocene (a relatively dry period)
were compared with available proxy records from the Red
Sea, and show good correspondence (Biton et al., 2010). For
our simulation described below, we used the model results for
the early Holocene. More details on the model configuration
can be found in Biton et al. (2008, 2010).

One thousand coral planula larva-like virtual particles
were seeded on the sea surface at the entrance to the Red Sea
and then tracked as they were passively advected by the
model climatological currents. Since reef building corals in
the Red Sea are asynchronous (Shlesinger & Loya, 1985) with
some reproducing over winter and spring while others repro-
duce in summer, simulations were run for both February
and August and we examined their position after 1-4 weeks.
In the Red Sea, the majority of corals are hermaphroditic,
gamete-releasing species. Among the studied GoA species,
S. pistillata is a winter to summer planulating species,
A. eurystoma, P. damicornis and F. favus and Porites sp. are
summer spawners and it is likely that in the Gulf of Aden
these species release their propagules in the same season
(Bauman et al., 2011).

Statistical analysis

The effect of temperature on chlorophyll concentration was
analyzed separately for each species, using a one-way analysis
of variance (ANOVA).

For analyses of chlorophyll fluorescence, one-way ANOVA
and Tukey’s post hoc multiple comparison tests were per-
formed to detect significant differences over data points and
between treatments (temperature, spss).

Kolmogorov-Smirnov normality test and Levene’s homoge-
neity of variance test were used to identify whether the
assumptions of the parametric ANOvAs were satisfied. Arcsine
transformations were used where these assumptions were not
met. Unless otherwise specified, mean values are presented
+SD.

Results

Temperature record and warming trend in the GoA

Temperature summer maxima in the GoA have been
rising over the last 24 years at a rate of 0.034 °C yr~"
(Fig 1a) with average temperatures in August rising at
an annual rate of 0.04 °C (pier measurements) to
0.05 °C (www.coastalwarming.com). February, the
coldest month, has warmed by 0.028 °C yr~'. At
the present rate, seawater temperature in the GoA by
the end of this century may exceed 31.5 °C, which is
2-2.5 °C above the expected bleaching threshold for
this region (based on the local mean summer maxima).
Temperature records indicate an increasing frequency
of excursions from summer (July to September) max-
ima average (Fig 1b). In both 2007 and 2012 for exam-
ple, over 12 days were 2-2.7 °C warmer than average
summer maxima.

Thermal stress of GoA corals

None of the incubated corals showed any visual signs
of bleaching in spite of the fact that mass bleaching con-
ditions are generally formed at +1.5-2 °C over average
summer maxima. Only at 34 °C (7 °C above summer
maximum) did S. pistillata, P. damicornis and A. eurys-
toma have an average reduction of 25 & 3.5, 35 + 5.2,
and 45 + 2.1% in zooxanthellae density, respectively.
Massive corals Porites sp. and F. favus were less affected
with zooxanthellae average loss of 13 + 3.6 and
18 £ 3.1%, respectively.

No significant difference was detected in chlorophyll
concentration per host cell between all temperature
treatments (P > 0.05, n = 20). This pattern was recorded
in all five species.

Chlorophyll fluorescence of the five examined coral
species revealed a species-specific response to elevated
temperature, as evident from both changes in

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647
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Fig. 1 (a) A 25-year (1988-2013) temperature record and regres-
sion line for August (black) and February (blank) in the north-
ern Gulf of Aqaba, demonstrating a sharper temperature rise in
the warmest month. (b) Anomalies from average summer (July,
August, and September) temperatures over the last 25 years.
Each data point designates one day.

dark-adapted Fv/Fm (maximal yield) and a RLC
(Fig. 2). At the beginning of the incubation period, Fv/Fm
was similar between species. No significant difference
in dark-adapted Fv/Fm was recorded between species
at temperatures between 26 and 32 °C (P > 0.05, n = 5).
A 12-15% drop in dark-adapted Fv/Fm was recorded
at 34 °C, except for S. pistillata which did not show a
significant decrease (P > 0.05, n = 5). More pronounced
changes in photosynthetic performance were evident
along the RLC with distinct species-specific response
(Fig. 2). While the variable fluorescence at 34 °C was
consistently lower than that under the lower tempera-
ture treatments (P < 0.01), in all coral species (Tukey’s
post hoc comparisons), S. pistillata, Acropora euristoma,
and Favia favus showed a significantly greater response
(lower Yield, P < 0.01) than Pocillopora damicornis and
Porites sp. No significant difference in variable fluores-
cence was detected between temperature treatments
26 °C, 29 °C, and 32 °C (P > 0.05) for all species.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647
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Larval dispersal simulations

Simulations were run for both February and August
and we examined the larvae position after 2 and
4 weeks. In both cases, the larvae remain within the
warm (>32 °C) region of the southern Red Sea
(Fig. 3a, b), indicating that the ancestors of corals that
eventually colonized the northern Red Sea and GoA
had to survive to reproduction age (>1 year) in water
that was >5 °C warmer than the maximum found at
present in the GoA.

Discussion

Clearly, common GoA corals do not follow the global
‘bleaching rule’ (Table 1). Thermal tolerance of a coral
is often considered dependent on the Symbiodinium
type it hosts (Lajeunesse et al., 2010). This cannot
explain the thermal resistance of the corals in this study
as most corals in the GoA host clade A and the widely
distributed clade C (Karako-Lampert et al., 2004; Byler
et al., 2013), both known to be relatively sensitive to
thermal-driven stress. The heat-tolerant Symbiodinium
clade D was never recorded in the GoA examined
species.

We propose that the exceptional thermal resistance of
GoA corals is the outcome of the unique geography
and topography of the Red Sea. This elongated sea
(ca. 2000 km, 12.5-29.5°N) is connected to the open
ocean via a narrow, shallow (137 m) strait at its south-
ernmost end (Bab el Mandeb). Consequently, during
the last glacial maximum, when global sea level
dropped ca. 120 m below present sea level (Peltier,
1994, 2004), the Red Sea became nearly disconnected
from the open ocean leading to a dramatic increase in
salinity (Hemleben et al., 1996, Rohling et al., 1998;
Fenton et al., 2000; Siddall et al., 2003) and local decima-
tion of corals (Braithwaite, 1987) and plankton (Fenton
et al., 2000). Reestablishment of coral reefs started after
sea level returned to within 20 m of the present level,
around 8 kyr before present (Braithwaite, 1987). As the
only possible source of coral larvae for recolonization
was the Gulf of Aden, each coral larva entering the Red
Sea had to pass through the exceedingly warm waters
(>32 °C in summer) in the entrance to the Red Sea. The
palaeoceanographic conditions in the northern and cen-
tral Red Sea were similar to present day or warmer at
the time corals started to recolonize the Red Sea
6-7 kyr before present (Trommer ef al., 2010). Since the
duration of the corals’ planktonic larval stage is in the
order of days to weeks (Cetina-Heredia & Connolly,
2011), and since it takes >1 year for recently settled cor-
als to start reproducing, the colonization of the north-
ern Red Sea and GoA must have occurred via stepping
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Fig. 2 Rapid light curve of the five examined species in four temperature treatments. The Fv/Fm per light intensity at a given tempera-
ture is indicative of the sensitivity of the PSII to increased irradiance as temperature increases.

stones, whereby larvae reached some distance into the
Red Sea, settled, grew, released larvae, and so on.

At present, the exchange flow between the Red Sea
and the Gulf of Aden changes from a two-layer
exchange in winter (with inflow into the Red Sea at the
surface) to a three-layer exchange in summer (with sur-
face outflow from the Red Sea into the Gulf of Aden
(Murray & Johns, 1997; Siddall et al., 2002; Smeed, 2004;
Sofianos et al., 2002). Simulation for various stages dur-
ing the Holocene (Biton et al., 2010) suggest that the
two-layer exchange pattern prevailed throughout the
year with stronger inflow into the Red Sea in winter.

Therefore, the simulation for February (Fig. 3) repre-
sents an upper bound to the northward reach of larvae.

We propose that the southern Red Sea served as a
selective barrier for heat-tolerant coral host genotypes.
Based on the aforementioned ‘bleaching rule’, corals in
the GoA should start bleaching when water tempera-
ture reaches 32.5 °C (summer maximum in the south-
ern Red Sea +0.5-1.5 °C). Hence, under the present
local warming rate (ca. 0.04 °C yr—'), no mass bleach-
ing should be expected in GoA reefs in the next
100 years. Summer temperatures in the central Red Sea
often exceeds 32 °C, primarily in shallow water.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647
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Fig. 3 (a) Model of northward dispersal of coral planula larvae (N = 1000), after release in the Bab el Mandab Straits in February (when
the maximal northward penetration is expected. (b) Red Sea summer temperatures demonstrating the sharp latitudinal temperature
gradient between the warm southern section of the Red Sea and cooler water in the Gulf of Aqaba. Dashed red circle indicates the

‘warm barrier’ in the southern Red Sea.

Table 1 Thermal tolerance experiments in the Gulf of Aqaba. Results of the incubation experiments, presenting the absence of
bleaching at up to 7 °C above summer maximum and changes in the density of symbiotic dinoflagellates at the maximum tempera-

ture examined

Species, Incubation °C above % change
(Symbiodinium clade) temperature/period summer maxima Bleaching signs Symbiodinium density ~Source
Stylophora pistillata, (A) 31/3 weeks 4 None ND (Winters et al., 2006)
34 /4 weeks 7 None -25 4+ 35 Present study
Pocillopora damicornis, (C)  31/3 weeks 4 None N.D. (Winters et al., 2006)
34 /4 weeks 7 None —35+52 Present study
Favia favus, (C) 31/3 weeks 4 None ND Present study
34/4 weeks 7 None -18 +£ 3.1 Present study
Acropora eurystoma, (C) 34/3 weeks 7 None —45 + 2.1 Present study
Porites sp. (C) 34/4 weeks 7 None —13 + 3.6 Present study

Although corals in that region are well acclimatized to
warm seawater temperature, they live close to their
bleaching threshold and occasionally bleach (records
from 2007 and 2010) when this threshold is crossed
(Furby et al., 2013). We argue GoA corals are of the
same origin but live way below their bleaching thres-
hold.

While this hypothesis is yet to be validated by genetic
markers, there are other supporting arguments. The

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647

measured slow growth rate (linear extension) of corals
in the GoA, half that of corals in the northern Red Sea
and a fifth to an order of magnitude slower than in the
southern Red Sea, suggests that corals originating in
warmer waters of the Red Sea grow much slower in
suboptimal cooler environments of the GoA. While
coral growth in the central and southern sections of the
Red Sea may decrease with warming (Cantin et al.,
2010), an increase in the linear extension of Porites
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corals was recorded in the GoA beginning in the 1980s
(Heiss, 1996). If so, warming of the northern Red Sea
may promote reef building coral growth rate, and thus
offset reduced coral calcification due to ocean acidificat-
ion (Silverman et al., 2009). At the same time, it is
important to note that coral sensitivity to thermal stress
may be increased by ocean acidification (Anthony et al.,
2008).

The predicted bleaching threshold at the latitudinal
range of the northern GoA, as recorded for high-lati-
tude reefs (Dalton & Carroll, 2011; Fig. 4), is 27 °C.
However, the actual bleaching threshold is at least 5 °C
higher. Considering the rate of warming in the region,
by the time the Gulf of Aden and southern Red Sea
reefs (as well as many other indo-pacific reefs) will
cross their threshold and experience temperatures
above 35 °C in 2100, corals in the GoA will still be expe-
riencing maximum summer temperatures below 31 °C,
which is under their bleaching threshold.

These findings call for special efforts to protect this
exceptional refuge from anthropogenic damage, such
as pollution, eutrophication, and breakage. Hoegh-
Guldberg et al. (2008) suggested in situ ‘Assisted Colo-
nization’, that is, transplantation of thermally resistant
low-latitude corals to ‘refugia’ in higher latitudes where
they will grow in waters far colder than their bleaching
threshold. Recently, Howells et al. (2013) doubted the
feasibility of the Assisted Colonization idea on the basis
of experimental evidence, demonstrating that corals
and their symbiotic Symbiodinium are also limited by a
lower thermal limit (Howells et al., 2013). The deep,

36 a A
34 r v A
v o
@)
o 32r o o
© —_—
‘é‘ v A
£ 30} T °
o ~~ °
g ~ v
& 28 |+ ° Year 2012 ~ o
[¢] Year 2030 ~
v Year2050 e -
26 F A Year 2100
— — — bleaching threshold (Dalton and Carroll. 2011) >
————— Bleaching threshold corrected for GoA
24 1 1 1
0 10 20 30 40
Latitude (°N or S)

Fig. 4 Estimates of thermal bleaching threshold by latitude
(Dalton & Carroll, 2011; polynomial curve) on which present
and future Red Sea SST were plotted. SST predictions are for the
warmest month in each region, demonstrating that although
present-day temperatures in the Gulf of Aqaba are already
crossing the predicted local bleaching threshold, the actual
bleaching threshold (thick dashed line), experimentally
identified, will not be crossed even by 2100.

narrow GoA and relatively warm deep water tempera-
ture prevents from surface water of the gulf to drop
below 20 °C. To date, no cold weather bleaching was
observed in the GoA, suggesting that the corals and
their symbionts have well acclimatized to these winter
temperatures. We suggest that colonization of coral
propagules, originating in warm areas and settling in
high-latitude cooler waters of the GoA for millennia,
provides a ‘natural proof’ of the concept that the coral
symbioses is pre-adapted (and conservative) to their
historical thermal limits. Coral thermal tolerance may
be the result of a resilient coral host, symbiotic dinofla-
gellates (Berkelmans & Van Oppen, 2006) or associated
microorganisms (Bayer et al., 2013). It may also be
the resilience of a particular combination (holobiont).
Environmental change leading to changes in holobiont
composition may compromise thermal tolerance
(Zilber-Rosenberg & Rosenberg, 2008). Future research
should focus on identifying the source of thermal resis-
tance in the GoA at the genetic level; the Symbiodinium,
associated microorganisms, the coral host population
or a combination of all.

Acknowledgments

The authors are grateful to S. Berkowicz for editorial assistance.
This study was partially supported by an Israel Science Founda-
tion (ISF) personal grant to HG and an ISF personal grant to
MF. Sea Surface Temperature data was supplied by the National
Monitoring Program (NMP) of the GoA. We thank Yael Amitai
and Erick Fredj for technical support in the larval dispersion
modeling.

References

Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O (2008) Ocean
acidification causes bleaching and productivity loss in coral reef builders. Proceed-
ings of the National Academy of Sciences of the United States of America, 105, 17442~
17446.

Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi SR (2013)
Genomic basis for coral resilience to climate change. Proceedings of the National
Academy of Sciences of the United States of America, 110, 1387-1392.

Bauman AG, Baird AH, Cavalcante GH (2011) Coral reproduction in the world’s
warmest reefs: southern Persian Gulf (Dubai, United Arab Emirates). Coral Reefs,
30, 405-413.

Bayer T, Neave MJ, Alsheikh-Hussain A et al. (2013) The microbiome of the red sea
coral stylophora pistillata is dominated by tissue-associated endozoicomonas bac-
teria. Applied and Environmental Microbiology, 79, 4759-4762.

Berkelmans R, Van Oppen MJH (2006) The role of zooxanthellae in the thermal toler-
ance of corals: a ‘nugget of hope’ for coral reefs in an era of climate change.
Proceedings of the Royal Society B-Biological Sciences, 273, 2305-2312.

Biton E, Gildor H, Peltier WR (2008) Red sea during the last glacial maximum: impli-
cations for sea level reconstruction. Paleoceanography, 23, PA1214. doi: 10.1029/
2007PA001431.

Biton E, Gildor H, Trommer G, Siccha M, Kucera M, Van Der Meer MT]J, Scho-
uten S (2010) Sensitivity of Red Sea circulation to monsoonal variability during
the Holocene: an integrated data and modeling study. Paleoceanography, 25,
PA4209. doi: 10.1029/2009PA001876.

Braithwaite CJR (1987) Geology and paleogeography of the red sea region. In: Red Sea
(key environments) (eds Edwards AJ, Head SM), pp. 22-44. Pergamon Press,
Oxford.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647



Brown BE, Cossins AR (2011) The Potential for Temperature Acclimatisation of Reef Corals
in the Face of Climate Change, Springer, Po Box 17, 3300 Aa Dordrecht, the Nether-
lands.

Brown BE, Downs CA, Dunne RP, Gibb SW (2002) Exploring the basis of thermotoler-
ance in the reef coral Goniastrea aspera. Marine Ecology-Progress Series, 242, 119-129.
Byler KA, Carmi-Veal M, Fine M, Goulet TL (2013) Multiple symbiont acquisition
strategies as an adaptive mechanism in the coral Stylophora pistillata. PLoS ONE, 8,

€59596. doi: 10.1371/journal.pone.0059596.

Cantin NE, Cohen AL, Karnauskas KB, Tarrant AM, Mccorkle DC (2010) Ocean
warming slows coral growth in the central red sea. Science, 329, 322-325.

Cetina-Heredia P, Connolly SR (2011) A simple approximation for larval retention
around reefs. Coral Reefs, 30, 593-605.

Da Silva A, Young AC, Levitus S (1994), Atlas of Surface Marine Data 1994, vol. 1, Algo-
rithms and Procedures. NOAA Atlas NESDIS 6, US Department of Commerce,
Washington, DC.

Dalton SJ, Carroll AG (2011) Monitoring coral health to determine coral bleaching
response at high latitude Eastern Australian reefs: an applied model for a chang-
ing climate. Diversity, 3, 592-610.

De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27-year decline of coral
cover on the Great Barrier Reef and its causes. Proceedings of the National Academy
of Sciences of the United States of America, 109, 17995-17999.

Debose JL, Nuttall MF, Hickerson EL, Schmahl GP (2013) A high-latitude coral com-
munity with an uncertain future: stetson bank, northwestern Gulf of Mexico. Coral
Reefs, 32, 255-267.

Desalvo MK, Sunagawa S, Voolstra CR, Medina M (2010) Transcriptomic responses
to heat stress and bleaching in the elkhorn coral Acropora palmata. Marine Ecology
Progress Series, 402, 97-113.

Fenton M, Geiselhart S, Rohling EJ, Hemleben C (2000) Aplanktonic zones in the Red
Sea. Marine Micropaleontology, 40, 277-294.

Furby KA, Bouwmeester ], Berumen ML (2013) Susceptibility of central Red Sea
corals during a major bleaching event. Coral Reefs, 32, 505-513.

Granados-Cifuentes C, Bellantuono AJ, Ridgway T, Hoegh-Guldberg O, Rodriguez-
Lanetty M (2013) High natural gene expression variation in the reef-building coral
Acropora millepora: potential for acclimative and adaptive plasticity. BMC Genomics,
14,228-240.

Guest JR, Baird AH, Maynard JA et al. (2012) Contrasting patterns of coral bleaching
susceptibility in 2010 suggest an adaptive response to thermal stress. PLoS ONE, 7,
€33353.

Hagedorn M, Van Oppen MJH, Carter V et al. (2012) First frozen repository for the
Great Barrier Reef coral created. Cryobiology, 65, 157-158.

Harrison PL, Dalton S], Carroll AG (2011) Extensive coral bleaching on the
world’s southernmost coral reef at Lord Howe Island, Australia. Coral Reefs,
30, 775-775.

Heiss GA (1996) Variation in annual band width of Porites sp. from Aqaba, Gulf of
Aqaba Red Sea. Bulletin of Marine Science, 59, 393-403.

Hemleben C, Meischner D, Zahn R, Almogilabin A, Erlenkeuser H, Hiller B (1996)
Three hundred eighty thousand year long stable isotope and faunal records from
the Red Sea: influence of global sea level change on hydrography. Paleoceanogra-
phy, 11, 147-156.

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the
world’s coral reefs. Marine and Freshwater Research, 50, 839-866.

Hoegh-Guldberg O, Mumby PJ, Hooten AJ et al. (2007) Coral reefs under rapid
climate change and ocean acidification. Science, 318, 1737-1742.

Hoegh-Guldberg O, Hughes L, Mcintyre S, Lindenmayer DB, Parmesan C, Possing-
ham HP, Thomas CD (2008) Assisted colonization and rapid climate change.
Science, 321, 345-346.

Horoszowski-Fridman YB, Izhaki I, Rinkevich B (2011) Engineering of coral reef lar-
val supply through transplantation of nursery-farmed gravid colonies. Journal of
Experimental Marine Biology and Ecology, 399, 162-166.

Howells EJ, Berkelmans R, Van Oppen MJH, Willis BL, Bay LK (2013) Historical ther-
mal regimes define limits to coral acclimatization. Ecology, 94, 1078-1088.

Karako-Lampert S, Katcoff DJ, Achituv Y, Dubinsky Z, Stambler N (2004) Do clades
of symbiotic dinoflagellates in scleractinan corals of the Gulf of Eilat (Red Sea)
differ from those of other coral reefs? Journal of Experimental Marine Biology and
Ecology, 311, 301-314.

Kotb M, Abdulaziz M, Al-Agwan Z et al. (2004) Status of coral reefs in the Red Sea
and Gulf of Aden in 2004. In: Status of Coral Reefs of the World: 2004, (ed Wilkinson
Q), pp- 137-154. Australian Institute of Marine Science, Townsville.

Krief S, Hendy EJ, Fine M, Yam R, Meibom A, Foster GL, Shemesh A (2010)
Physiological and isotopic responses of scleractinian corals to ocean acidification.
Geochimica Et Cosmochimica Acta, 74, 4988-5001.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3640-3647

CORAL REEF REFUGE IN THE RED SEA 3647

Kvitt H, Rosenfeld H, Zandbank K, Tchernov D (2011) Regulation of apoptotic path-
ways by Stylophora pistillata (Anthozoa, Pocilloporidae) to survive thermal stress
and bleaching. PLoS ONE, 6, 1-10.

Lajeunesse TC, Smith R, Walther M et al. (2010) Host-symbiont recombination versus
natural selection in the response of coral-dinoflagellate symbioses to environmen-
tal disturbance. Proceedings of the Royal Society B-Biological Sciences, 277, 2925-2934.

Large WG, Pond S (1981) Open ocean momentum flux measurements in moderate to
strong winds. Journal of Physical Oceanography, 11, 324-336.

Large WG, Pond S (1982) Sensible and latent heat flux measurements over the ocean.
Journal of Physical Oceanography, 12, 464-482.

Large W, McWilliams ], Doney S (1994) Oceanic vertical mixing: a review and a
model with a nonlocal boundary-layer parameterization, Reviews of Geophysics, 32,
363-403.

Leggat W, Seneca F, Wasmund K, Ukani L, Yellowlees D, Ainsworth TD (2011)
Differential Responses of the Coral Host and Their Algal Symbiont to Thermal
Stress. PLoS ONE, 6, €26687. doi: 10.1371/journal.pone.0026687.

Lima FP, Wethey DS (2012) Three decades of high-resolution coastal sea surface tem-
peratures reveal more than warming. Nature Communications, 3, 704.

Marshall PA, Baird AH (2000) Bleaching of corals on the Great Barrier Reef: differen-
tial susceptibilities among taxa. Coral Reefs, 19, 155-163.

Marshall J, Adcroft A, Hill C, Perelman L, Heisey C (1997a) A finite-volume,
incompressible Navier Stokes model for studies of the ocean on parallel comput-
ers. Journal of Geophysical Research-Oceans, 102, 5753-5766.

Marshall J, Hill C, Perelman L, Adcroft A (1997b) Hydrostatic, quasi-hydrostatic, and
nonhydrostatic ocean modeling. Journal of Geophysical Research-Oceans, 102, 5733-5752.

Mcclanahan TR, Ateweberhan M, Muhando CA, Maina J, Mohammed SM (2007)
Effects of climate and seawater temperature variation on coral bleaching and
mortality. Ecological Monographs, 77, 503-525.

Murray SP, Johns W (1997) Direct observations of seasonal exchange through the Bab
el Mandab Strait. Geophysical Research Letters, 24, 2557-2560.

Oliver TA, Palumbi SR (2011) Do fluctuating temperature environments elevate coral
thermal tolerance? Coral Reefs, 30, 429-440.

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting coral reef futures
under global warming and ocean acidification. Science, 333, 418-422.

Peltier WR (1994) Ice-age paleotopography. Science, 265, 195-201.

Peltier WR (2004) Global glacial isostasy and the surface of the ice-age earth: the ice-5G
(VM2) model and grace. Annual Review of Earth and Planetary Sciences, 32, 111-149.

Rinkevich B (2005) Conservation of coral reefs through active restoration measures:
recent approaches and last decade progress. Environmental Science & Technology,
39, 4333-4342.

Rohling EJ, Fenton M, Jorissen FJ, Bertrand P, Ganssen G, Caulet JP (1998) Magni-
tudes of sea-level lowstands of the past 500,000 years. Nature, 394, 162-165.

Rowan R (2004) Coral bleaching - Thermal adaptation in reef coral symbionts. Nature,
430, 742-742.

Shlesinger Y, Loya Y (1985) Coral community reproductive patterns — Red Sea Versus
the Great Barrier Reef. Science, 228, 1333-1335.

Siddall M, Smeed DA, Matthiesen S, Rohling EJ (2002) Modelling the seasonal
cycle of the exchange flow in Bab El Mandab (Red Sea). Deep-Sea Research Part
I-Oceanographic Research Papers, 49, 1551-1569.

Siddall M, Rohling EJ, Almogi-Labin A, Hemleben C, Meischner D, Schmelzer I,
Smeed DA (2003) Sea-level fluctuations during the last glacial cycle. Nature, 423,
853-858.

Silverman ], Lazar B, Cao L, Caldeira K, Erez ] (2009) Coral reefs may start dissolving
when atmospheric CO, doubles. Geophysical Research Letters, 36, L05606. doi:
10.1029/2008GL036282.

Smeed DA (2004) Exchange through the Bab el Mandab. Deep-Sea Research Part
Ii-Topical Studies in Oceanography, 51, 455-474.

Sofianos SS, Johns WE, Murray SP (2002) Heat and freshwater budgets in the Red Sea
from direct observations at Bab el Mandeb. Deep-Sea Research Part Ii-Topical Studies
in Oceanography, 49, 1323-1340.

Trommer G, Siccha M, Rohling EJ et al. (2010) Millennial-scale variability in Red Sea
circulation in response to Holocene insolation forcing. Paleoceanography, 25,
PA3203. doi: 10.1029/2009PA001826.

Van Woesik R, Houk P, Isechal AL, Idechong JW, Victor S, Golbuu Y (2012) Climate-
change refugia in the sheltered bays of Palau: analogs of future reefs. Ecology and
Evolution, 2, 2474-2484.

Winters G, Loya Y, Beer S (2006) In situ measured seasonal variations in Fv/Fm of
two common Red Sea corals. Coral Reefs, 25, 593-598.

Zilber-Rosenberg I, Rosenberg E (2008) Role of microorganisms in the evolution of
animals and plants: the hologenome theory of evolution. Fems Microbiology
Reviews, 32, 723-735.



