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Abstract

Tropical reefs have been impacted by thermal anomalies caused by global warming

that induced coral bleaching and mortality events globally. However, there have

only been very few recordings of bleaching within the Red Sea despite covering a

latitudinal range of 15° and consequently it has been considered a region that is less

sensitive to thermal anomalies. We therefore examined historical patterns of sea

surface temperature (SST) and associated anomalies (1982–2012) and compared

warming trends with a unique compilation of corresponding coral bleaching records

from throughout the region. These data indicated that the northern Red Sea has not

experienced mass bleaching despite intensive Degree Heating Weeks (DHW) of

>15°C-weeks. Severe bleaching was restricted to the central and southern Red Sea

where DHWs have been more frequent, but far less intense (DHWs <4°C-weeks). A

similar pattern was observed during the 2015–2016 El Ni~no event during which

time corals in the northern Red Sea did not bleach despite high thermal stress (i.e.

DHWs >8°C-weeks), and bleaching was restricted to the central and southern Red

Sea despite the lower thermal stress (DHWs < 8°C-weeks). Heat stress assays car-

ried out in the northern (Hurghada) and central (Thuwal) Red Sea on four key reef-

building species confirmed different regional thermal susceptibility, and that central

Red Sea corals are more sensitive to thermal anomalies as compared to those from

the north. Together, our data demonstrate that corals in the northern Red Sea have

a much higher heat tolerance than their prevailing temperature regime would sug-

gest. In contrast, corals from the central Red Sea are close to their thermal limits,

which closely match the maximum annual water temperatures. The northern Red

Sea harbours reef-building corals that live well below their bleaching thresholds and

thus we propose that the region represents a thermal refuge of global importance.
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1 INTRODUCTION

Coral bleaching is a stress response to sea surface temperature (SST)

anomalies that are driven by global climate change leading to varia-

tions in regional climatology (Donner, 2011; Hoegh-Guldberg et al.,

2007) and local hydrography (Weeks, Anthony, Bakun, Feldman, &

Hoegh-Guldberg, 2008). Of particular concern are El Ni~no–La Ni~na

conditions that are increasing in frequency and/or duration (Cai

et al., 2014) and are resulting in bleaching-induced coral mortality

across regions (De’ath, Fabricius, Sweatman, & Puotinen, 2012) and

on global (Heron, Maynard, van Hooidonk, & Eakin, 2016) scales.

Anomalous temperatures as little as 1°C above the summer mean

SST can trigger bleaching (Glynn, 1991; Goreau & Hayes, 1994;

Hoegh-Guldberg, 1999; Weeks et al., 2008); however, absolute ther-

mal thresholds can vary across regions (e.g. 27°C for Rapa Nui,

South Pacific vs. 36°C for the Arabian Gulf—see Coles & Brown,

2003). A number of key factors, which operate in combination, ulti-

mately determine these upper thresholds as well as how bleaching

patterns manifest over space and time within any given region.

This is for several reasons. Firstly, the coral holobiont can locally

adapt to specific thermal regimes via selection of more heat stress

tolerant genetic variants of Symbiodinium spp. (Hume et al., 2015,

2016) and also through regulatory mechanisms of the host cnidarian

itself (Barshis et al., 2013; Dixon et al., 2015) and their associated

bacteria (Ziegler, Seneca, Yum, Palumbi, & Voolstra, 2017). As such,

naturally high temperature environments can retain healthy coral

populations with elevated bleaching tolerances (D’Angelo et al.,

2015; Oliver & Palumbi, 2011a). Secondly, the extent of bleaching is

inevitably affected by the duration (Anthony, Connolly, & Hoegh-

Guldberg, 2007) and periodicity (Pratchett, McCowan, Maynard, &

Heron, 2013) of SST anomalies relative to historical SST patterns

(Heron et al., 2016). For example, reoccuring thermal events can

increase stress tolerance (Armoza-Zvuloni, Segal, Kramarsky-Winter,

& Loya, 2011; Palumbi et al., 2014) particularly in corals with high

energy reserves (Grottoli et al., 2014) and in those hosting pheno-

typically plastic symbionts (Ziegler, Roder, B€uchel, & Voolstra, 2015).

Thirdly, thermal stress is further moderated by other environmental

factors such as light intensity, salinity and nutrient concentrations

(Baker, Glynn, & Riegl, 2008; Suggett & Smith, 2011; Wiedenmann

et al., 2012). Thus, localized climatology, weather patterns and

anthropogenic pressures will modify the extent of bleaching pre-

dicted by SST anomalies alone (Thompson & van Woesik, 2009).

To understand thermal stress tolerance of corals, recent research

has turned towards examining corals that are adapted to naturally

high water temperature conditions. For example, corals living in back

reef or reef flat habitats appear more tolerant to heat stress than

corals living in adjacent systems that typically experience less tem-

perature variability and/or lower maxima (Oliver & Palumbi, 2011b;

Schoepf, Stat, Falter, & McCulloch, 2015). Similarly, the thermal tol-

erance of corals varies over large spatial scales, which is at least

partly dependent on the inherent differences in ambient tempera-

tures across sites. Corals within the Persian-Arabian Gulf (PAG) are

tolerant to high water temperature (36°C) compared to the global

temperature average (D’Angelo et al., 2015; Hume et al., 2013)

reflecting genetic adaptation of the symbionts (Hume et al., 2015;

Levin et al., 2016) or host (Dixon et al., 2015; Howells, Abrego,

Meyer, Kirk, & Burt, 2016) and/or phenotypic acclimatization

(Ochsenk€uhn, Röthig, D’Angelo, Wiedenmann, & Voolstra, 2017;

Palumbi et al., 2014).

The Red Sea is one of the world’s warmest and most saline

water bodies (up to 40.5 psu) that is populated by extensive and

healthy coral reefs (see Edwards & Head, 1986) characterized by

highly similar corals assemblages along its latitudinal environmental

gradients (K€urten et al., 2014; Riegl, Bruckner, Rowlands, Purkis, &

Renaud, 2012). Natural gradients of temperature, salinity and nutri-

ent availability are a result of high evaporation, limited freshwater

input and restricted water exchange with the Indian Ocean (Murray

& Johns, 1997; Sofianos & Johns, 2003). The Red Sea has been cut

off from the Indian Ocean several times when the sea level was low,

causing increased water temperature and salinity (Braithwaite, 1987).

Continuing today, Red Sea corals regularly experience thermal condi-

tions predicted for most tropical reefs over the next 50 years

(Grimsditch & Salm, 2006), but yet do not appear to bleach in many

locations although summer SSTs are as high as 34°C (Fine, Gildor, &

Genin, 2013; PERSGA, 2010). A few bleaching episodes have been

recorded throughout the region (see Table S1); however, these spo-

radic and patchy bleaching events relative to local differences in

upper thermal thresholds across environmental conditions have not

been examined. Experimental evidence from the Gulf of Aqaba (Eilat)

in the northern Red Sea illustrates that the local corals have surpris-

ingly high upper thermal maxima in relation to the ambient tempera-

tures they thrive in, and hence, this location was proposed as a

natural coral refuge as SSTs continue to rise (Fine et al., 2013). Yet,

the relationship between upper thermal thresholds and ambient tem-

peratures for other coral populations across the Red Sea’s large envi-

ronmental gradients remains entirely unexplored (Sawall, Al-sofyani,

Banguera-hinestroza, & Christian, 2014).

Here, we investigated patterns of coral thermal sensitivity in rela-

tion to ambient temperatures across regions throughout the Red

Sea. We initially compiled an extensive dataset of past coral bleach-

ing records from throughout the Red Sea, and examined these data

relative to historical SST records (1982–2012) to identify key areas

least susceptible to thermal stress. We then experimentally deter-

mined coral thermal tolerance at two different latitudes with

contrasting thermal histories and historical bleaching patterns

(Hurghada, northern Red Sea, vs. Thuwal, central Red Sea). To verify

the outcome of the historical and experimental approaches, we fur-

ther examined the natural bleaching response during the 2015–2016

El Ni~no to test the hypothesis that coral thermal susceptibility varies

between areas throughout the Red Sea. Using our unique datasets,

we identified that corals in the northern Red Sea are tolerant to high

thermal anomalies relative to their ambient temperature regimes, in

contrast to corals in the central and southern Red Sea, which live

much closer to their upper thermal threshold. As such, the entire

northern Red Sea may more broadly operate as a refuge for coral

populations as sea surface temperatures continue to rise.
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2 MATERIALS AND METHODS

2.1 Spatial characterization of thermal history

across the Red Sea (1982–2012)

To characterize historical temperature conditions throughout the

Red Sea, we selected six sites along the latitudinal axis of the Red

Sea (Figure 1). Sites were chosen based on their geographical posi-

tion as (1) Gulf of Aqaba (Abo Ghaloum, 28.658°N, 34.604°E), (2)

Gulf of Suez (Zafarana, 28.955°N, 32.668°E), (3) Hurghada

(27.239°N, 33.862°E), (4) Wadi El Gemal (Sharm El Fukary,

24.698°N, 35.132°E) in the northern Red Sea, (5) Jeddah (Thuwal,

22.234°N, 38.979°E) in the central Red Sea, and (6) Farasan Island in

the southern Red Sea (Farasan Island, Saudi Arabian coast,

16.227°N, 42.439°E).

Weekly SST records were acquired from the Coral Reef Temper-

ature Anomaly Database (CoRTAD) from PATHFINDER 5.2 (AVHRR-

4 km resolution; http://data.nodc.noaa.gov/cortad/; Casey et al.,

2015) for the period 1982–2012 for a 4 9 4 km grid per each site

avoiding land interference. Three pre-calculated metrics were

derived from CoRTAD-v5 using ARCGIS 10.3.1 software to quantify

SST historical thermal stress as described in Selig, Casey, and Bruno

(2010): (1) weekly SST (°C; i.e. the absolute weekly SST values), (2)

weekly SST Anomalies (SSTA, °C); i.e. deviation from the weekly SST

long-term mean (1982–2012), and (3) weekly Thermal Stress Anoma-

lies Degree Heating Weeks (TSA-DHW, °C-weeks); i.e. the cumula-

tive SST over a sliding window of the last 12 weeks when SST

exceeded the long-term summer monthly mean by ≥1°C (Liu, Strong,

Skirving, & Arzayus, 2006). Climatology of SST was calculated as

long-term monthly mean � SD and to subsequently identify maxi-

mum/minimum climatology range (i.e. maximum summer/winter

mean) and long-term seasonal variation/fluctuation (i.e. maximum

minus minimum climatology) at each site. Coral bleaching thermal

threshold was calculated as max climatology +1°C (see Selig et al.,

2010).

2.2 Coral bleaching records (1982–2012)

Historical bleaching data were compiled to evaluate the extent and

frequency of bleaching events during the period of 1982–2012 from

the following sources: (1) ReefBase database (http://www.reefbase.

org/main.aspx) of bleaching severity; data deposited by both

researchers and citizen scientists or acquired from published litera-

ture. This dataset provided the bleaching percentage of corals

bleached at 66 surveyed sites along the Red Sea coast (1998–2010),

(2) Annual Reef Check surveys (n = 188) were conducted at random

locations along the Egyptian Red Sea coast from 1997 to 2011. Sur-

veys used point-intercept line transects (20 m long, 0.5 m interval)

according to Reef Check standard protocols (Hodgson et al., 2004),

and (3) Previously published papers, institutional reports and per-

sonal communications with local researchers using standard but var-

ied techniques to quantify the percentage of corals that were

bleached (n = 10, see Table S1).

Severity of bleaching was categorized according to Thompson

and van Woesik (2009) as no bleaching (<1%); low bleaching (1%–

10% of corals bleached); medium bleaching (10%–30% of corals

bleached); and high bleaching (>30% of corals bleached).

2.3 Bleaching surveys of El Ni~no-driven thermal

anomaly (2015–2016)

The 2015/2016 El Ni~no thermal anomaly was extremely severe

and was specifically used to verify recent coral heat stress suscep-

tibility compared to the historical observations (1982–2012) and

hence whether bleaching sensitivity varies in relation to SST

anomalies among regions throughout the Red Sea. Coral bleaching

surveys were conducted at sites with different thermal regimes

across the northern to central-southern Red Sea during the 2015

El Ni~no year (from August to November). Nine near shore sites

were chosen across the Red Sea spanning from 20 to 28°N; specif-

ically, six sites within the Gulf of Aqaba and three sites along the

Saudi Arabian Red Sea coast (see Table S2). Line-intercept tran-

sects were used to quantify coral bleaching (1–3 m depth: see

Table S2). Degree Heating Weeks for 2015 across the Red Sea

was derived from NOAA Coral Reef Watch (CRW) daily global 5-

km satellite (Liu et al., 2006).

2.4 Experimental heat stress assays

To test the thermal tolerance of corals within the Red Sea in rela-

tion to their ambient thermal conditions, we selected two sites

with different temperature regimes (3.3°C difference between sites

in long-term summer monthly mean); specifically, Thuwal at the

Saudi Arabian coast (Al Fahal reef, 22.2396°N, 38.9634°E, summer

temperature = 31.1 � 1°C (mean � SD) and Hurghada at the Egyp-

tian coast (Abo Galawa reef, 27.3158°N, 33.8098°E, summer tem-

perature = 27.8 � 1°C). In both regions, sampling was conducted

at offshore reefs that were located away from direct anthro-

pogenic disturbance, and had similar geomorphological characteris-

tics and wave exposure (Fig. S1). During August and September

2013, four coral species were collected from shallow water (2–4 m

depth) in each region to represent the dominant growth forms of

massive (Porites nodifera and Favia favus) and branching corals

(Pocillopora verrucosa and Seriatopora hystrix). For each species,

three replicate samples were collected from three healthy colonies

(>5 m distance apart and randomly selected). Upon return to the

laboratory, coral fragments were acclimated to the experimental

conditions in outdoor shaded aquaria to reduce light stress for

48 hr period. Tanks were filled with seawater collected directly

from the native sampling sites and ~70% of water was changed

every 12 hr.

For experimentation, coral samples were fragmented and allo-

cated to either heat stress or control tanks (n = 3) so that each

experimental tank contained a single coral fragment per species.

Temperature of each tank was controlled using 50w heaters (Aqua

El-Neo, Poland) and measured by HOBO loggers in each tank.
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During the acclimation phase, water temperatures matched ambi-

ent temperatures at each site at the time of sampling (i.e. 26 and

30°C), which were used as control temperatures during the heat

stress experiment, and approximately 1.5°C below the long-term

summer mean of 27.8 and 31.1°C for Hurghada and Thuwal,

respectively. The heat stress treatment was set as 3°C above the

F IGURE 1 Characterization of sea surface temperature (SST) and degree heating weeks (DHWs) across the Red Sea. Maps demonstrate

SST mean and maximum DHWs during the period of 1982–2012. Map of SST mean (a) shows a decline of ambient SST northward, while

maximum DHW map (b) illustrates that north region is exposed to high DHWs despite its low ambient temperature. Annual maximum value of

DHWs was plotted over time as sized symbol scatter plot (c) and demonstrated (1) dramatic increase in DHWs values since mid-1990s, and (2)

higher trend (regression coefficient) of DHWs at the northern sites (i.e. Aqaba, Hurghada and Wadi El Gemal) than central and southern sites

(i.e. Jeddah and Farasan). Reference lines were drawn (black and red lines) at 4 and 8°C-weeks to demonstrate DHW severity, whereas DHW

>4°C-weeks always associated with massive bleaching and >8°C-weeks associated with widespread mortality. Accordingly, and to quantify the

intensity of DHWs at each site, maximum DHWs values were categorized into three groups; >0–4, >4–8 and >8°C-weeks for each site and

plotted in the stacked bar plot (d). The bar plot illustrated high intensity of DHWs > 8°C-weeks at the northern sites (i.e. Aqaba, Hurghada and

Wadi El Gemal) of the Red Sea [Colour figure can be viewed at wileyonlinelibrary.com]
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long-term summer mean at Thuwal (i.e. 34.1°C) to represent those

temperatures that have coincided with previous reports of coral

bleaching in the Red Sea (see Pilcher & Devantier, 2000). To test

the hypothesis that conspecifics corals in Hurghada (the northern

Red Sea) are more thermally tolerant than corals from Thuwal (the

central Red Sea), we first subjected corals to the same level of

heat stress (+3°C) for 5 days to 30.7°C, then ramped up the heat

stress to 6°C above maximum summer temperature (34°C)

over the remaining 5 days of the experiment. Salinity of each tank

was measured twice daily and did not change over the experimen-

tal period (40 � 0.6 psu at Hurghada and Jeddah as ambient

water).

The coral bleaching response was determined through changes in

photophysiological performance: (1) Rapid Light Curves (RLC) at the

start and end of the experiment were performed on each coral col-

ony independently (n = 3) to calculate the maximum relative Electron

Transfer Rate (rETRMAX, lmol electrons m�2 s�1). (2) Photochemical

yields of PSII (Fv/Fm, dimensionless) were measured daily (30 min

before sunrise) for the duration of the experiment (Diving PAM fluo-

rometer, Walz GmbH, Germany) and three measurements were

recorded from each coral sample. All Diving PAM settings were as

per Hennige et al. (2008) and any sign of coral mortality (e.g. tissue

sloughing off the skeleton) was noted.

2.5 Data analysis

One-way ANOVA and Tukey’s post hoc tests were used, after nor-

mality check using Shapiro test, to examine the spatial differences of

thermal history metrics (i.e. annual mean of weekly SST, SST anoma-

lies and annual max DHW). Generalized linear regression models

(GLM) were used to determine the trend of SST annual means, SST

anomalies and annual maximum DHWs over the 30-year study time

period (1982–2012) at each site. To assess the extent of DHWs and

how they varied over space and time, we placed all annual max

DHW data from 1982 to 2012 into size bins that indicate likelihood

of bleaching severity; specifically, (1) <4°C-weeks (considered sub-

lethal stress and generally not resulting in bleaching), (2) significant

bleaching >4 but <8°C-weeks, and (3) widespread bleaching with

expected mortality at >8°C-weeks (Eakin et al., 2010; Liu et al.,

2006). Raster maps for different SST variables/metrics were plotted

directly from CoRTAD-v5 file (NetCDF format) after being cropped

for the Red Sea coordinates. Mean, max and minimum values of SST

were transformed from Kelvin (K) to Celsius (°C) degree (i.e. SST-

272.15).

For the heat stress assays, a Shapiro test for normality was per-

formed and data were log-transformed if required. Two-way ANOVA

analysis was performed on rETRMAX to investigate the effect of the

site and treatment on the coral’s thermal tolerance, whereas one-

way ANOVA was performed on rETRMAX (n = 3) to test the effect

elevated temperature had on each coral species. Multifactorial

repeated-measures ANOVA was performed on Fv/Fm to test for the

decline in maximum photochemical efficiency between control and

heat-stressed groups and to measure the effect of site and species

on coral thermal susceptibility. All statistics were carried out and fig-

ures produced through “R” statistical software (R Development Core

Team, 2015).

3 RESULTS

3.1 Environmental histories across the Red Sea

latitudinal gradient

Sea surface temperature exhibited considerable variation between

sites. Annual mean SST � SD (1982–2012, n = 31 for each site)

declined significantly with increasing latitude (i.e. northwards) across

the Red Sea (F5,185 = 751, p < .001; Figure 1a, Table 1) and ranged

from 29 � 0.4°C at Farasan in the south to 23.6 � 0.6 and

21.7 � 0.5°C at the Gulfs of Aqaba and Suez, respectively (Fig-

ure 1a, Table 1). Similarly, SST long-term summer mean (i.e. max cli-

matology) decreased northward and declined from 31.3 � 1.1°C at

Farasan to 26.6 � 1 and 26 � 0.9°C at the Gulfs of Aqaba and

Suez, respectively (Table 1). The warmest year throughout 1982–

2012 for the northern Red Sea was 2010 where maximum summer

temperature reached 28.8°C at the Gulf of Aqaba, 28°C at the Gulf

of Suez, 29.9°C at Hurghada, and 31.6°C at Wadi El Gemal, but the

central and southern Red Sea (Jeddah and Farasan) experienced

highest SST during 1998–1999 (33.7°C and 33.9°C, respectively, see

Fig. S2), but temperatures in the south in 2010 were still comparably

high (32.6°C).

Annual mean SST increased over the 30-year time period for all

sites and warming trends were higher compared to global averages.

The warming trend was greater for the northern Red Sea despite the

higher ambient temperatures in the south. Annual increase in tem-

perature for the northern sites (Aqaba, Hurghada and Wadi El

Gemal) was approximately 1.5 times that observed at the southern

site (Farasan), and ranged from 0.052°C/year (�0.007, r2 = .65,

p < .001) for Aqaba to 0.02°C/year (�0.008, r2 = .2, p < .001) in

Farasan (see Table S3, Fig. S2). Similarly, SST anomalies (i.e. SST

deviation from the long-term mean) increased overtime to a greater

extent (again, approximately 1.5-fold) for the north compared to the

south, and ranged from 0.05°C/year (�0.007, r2 = .65, p < .001) for

Aqaba to 0.02°C/year (�0.008, r2 = .19, p < .01) in Farasan (see

Table S3, Fig. S3).

Finally, the rate of change in DHWs was similar to that of SST

anomalies within the Red Sea with a significant increase over time in

the north, ranging from 0.25°C-week/year (�0.058, r2 = .36,

p < .001) in Aqaba to 0.33°C-week/year (�0.078, r2 = .36, p < .001)

in Wadi El Gemal (Table S3), but mainly as a result of increases over

the past 15 years (i.e. since mid-1990s, Figure 1c and Fig. S4). No

significant increase in DHWs was observed for the central and

southern sites (i.e. Jeddah and Farasan, see Figure 1c and Table S3).

Importantly, whilst the frequency of DHW events was higher for the

southern sites, the number of intense heating events (incidents of

>8 DHW) was highest for the northern sites (except for Suez, see

Figure 1d). Together, these data suggest that the northern Red Sea,

despite its low ambient SST, has been exposed to frequent intensive
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SST anomalies (SSTA and DHW) compared to central and southern

regions.

3.2 Historical coral bleaching patterns

Earliest reports of bleaching in 1998 were restricted to the south-

ern and central Red Sea with ca. 30% and 60% mortality in Sudan

(Pilcher & Nasr, 2000) and Jeddah (Devantier & Pilcher, 2000),

respectively (see Table S1). No bleaching was recorded during the

1998 El Ni~no within the northern Red Sea despite DHWs of

>8°C-weeks (e.g. in Hurghada and Gulf of Aqaba, see Figure 2

and Fig. S5). More recently (i.e. 2010 and 2012), bleaching has

been reported within the northern and central sites (Furby, Bouw-

meester, & Berumen, 2013; Hanafy et al., 2012); however, the

extent of bleaching during these events still remains low for the

northern region (Figure 2) relative to the high DHWs observed

(Figure 1c). For example, the Gulf of Aqaba and the Egyptian Red

Sea coast did not experience mass bleaching during 2010 and

2012 despite the high DHWs, except Wadi El Gemal where 8%–

19% bleaching was observed during 2012 when DHW reached

18.9°C-weeks (Hanafy et al., 2012). In contrast, coral reefs in the

central Red Sea experienced 40% bleaching (Furby et al., 2013) at

7.8°C-weeks.

3.3 Coral bleaching during the 2015/2016 El-Ni~no

event

Thermal anomalies in 2015 were higher in the northern region

reaching 7–10.5 DHW compared to the central and southern Red

Sea where DHWs remained between 0.2 and 7°C-week (Figure 3,

Table S2). Conversely, the six surveyed sites in the Gulf of Aqaba

and the Egyptian Red Sea coast apparently remained without

recorded bleaching (Figure 3 and Fig. S6) inspite of high DHWs

(>8°C-week). The bleaching was restricted to the central and south-

ern Red Sea and was intensified southward from Yanbu (0.9%) to

Thuwal (7.9%) to Al-Lith (99%) despite relative lower DHW (<8°C-

week, see Figure 3 and Fig. S6). The observed bleaching pattern

during 2015 was consistent with historical bleaching patterns and

confirmed that corals from the northern Red Sea are consistently

less sensitive to high in-situ thermal anomalies.

TABLE 1 Summary of environmental variability in different study sites along the Red Sea during 1982–2012 showing annual range of SST,

climatology (i.e. long-term mean) and seasonal variation (i.e. difference between minimum and maximum climatology in each site), thermal

threshold (SST higher than maximum monthly mean by 1°C) as well as maximum and mean of degree heat weeks (DHWs). Sites arranged from

the north to the south (left to right) to show the spatial variability of SST characteristics across latitudinal gradients of the Red Sea

SST metrics (°C) Gulf of Aqaba Gulf of Suez Hurghada Wadi El Gemal Jeddah Farasan

Min. SST 18.5 15.4 18.9 20.6 21 23.5

Max. SST 28.8 28.0 29.9 31.6 33.7 33.9

Annual SST Mean 23.6 � 0.6 21.7 � 0.5 24.7 � 0.5 25.5 � 0.6 28.0 � 0.5 29.0 � 0.4

Min. Climatology 21 � 0.8 17.4 � 0.9 21.8 � 0.9 22.3 � 0.7 24.5 � 1.1 25.8 � 0.8

Max. Climatology 26.6 � 1 26.0 � 0.9 27.8 � 1 29.3 � 1.2 31.1 � 1 31.3 � 1.1

Seasonal range 5.6 8.6 6.0 7.1 6.5 5.5

Thermal threshold 27.6 � 1 27 � 0.9 28.8 � 1 30.3 � 1.2 32.1 � 1 32.3 � 1.1

Max. DHW (°C-week) 10.9 6.9 15.1 18.9 15.2 7.4

Mean DHW (°C-week) 0.6 � 1.8 0.3 � 1 0.7 � 1.95 0.9 � 2.5 0.5 � 1.7 0.5 � 1.3

F IGURE 2 Map illustrates geographical distribution of historical

corals bleaching severity along the Red Sea during the period from

1997 to 2012. Bleaching data were obtained from (1) reef check data

conducted along Egyptian and Sudanese Red Sea coast, (2) ReefBase

GIS database and (3) publications/reports along the Red Sea.

Unbleached sites/years were omitted for clarity (see Fig. S6). Four

mass bleaching events were reported; the major bleaching event was

1998 and affected mainly the south-central region of the Red Sea (i.e.

Saudi, Yemen, Djibouti and Eritrea), but no effect on the northern Red

Sea was observed (Wilkinson, 2000). In contrast, recent bleaching

events were observed particularly in northern and central Red Sea

(i.e. Egypt and Saudi Arabia) during 2007, 2010 (Furby et al., 2013)

and 2012 (Hanafy et al., 2012), but the Egyptian coast remains low in

bleaching severity and the far north remained completely bleaching-

free [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4 Coral heat stress assays

Our laboratory experiments further confirmed higher coral thermal

tolerance to relative increases in temperature for populations from

the northern Red Sea compared to corals in the central Red Sea.

Thermal stress exposure significantly affected the photophysiology

of corals from Thuwal but not Hurghada. Specifically, rETRMAX of all

tested coral species (P. nodifera, F. favus, P. damicornis and S. hystrix)

declined significantly at Thuwal (F1,23 = 25.5, p < .001) compared to

Hurghada (Figure 4) after 10 days exposure up to 6°C above sum-

mer mean temperature. Similarly, declines in the maximum

photochemical efficiency (Fv/Fm) during heat stress were greater (oc-

curred more quickly) for corals from Thuwal than for corals from

Hurghada, despite species-specific patterns of susceptibility (see

Fig. S7). As such, coral populations from the northern Red Sea (Hur-

ghada) where bleaching has been less frequently recorded despite

more intense DHWs (above), appear generally more thermally toler-

ant to increases in ambient water temperature than coral popula-

tions from the central Red Sea (Thuwal).

4 DISCUSSION

Thermal thresholds to bleaching-induced mortality appear highly

variable within and between regions (McClanahan, Maina, Moothien-

Pillay, & Baker, 2005), driven predominantly through acclimatization

and/or adaptation to different thermal regimes (Oliver & Palumbi,

2011a). Our analysis demonstrated high variability of ambient tem-

peratures across latitudinal gradients with lower ambient tempera-

ture for the northern Red Sea. Conversely, thermal anomalies (i.e.

defined as DHW and SSTA) were greatest for the northern Red Sea

compared to the central and southern Red Sea due to a shift of SST

anomalies since approximately the mid-1990s (Figure 1c), which

coincides with a general warming trend in the Red Sea (Chaidez,

Dreano, Agusti, Duarte, & Hoteit, 2017; Raitsos et al., 2011). This

suggests that the northern Red Sea might be more negatively

impacted by the global warming trend than the central and southern

regions.F IGURE 3 Map demonstrates maximum degree heating weeks

(DHWs) in 2015 El Ni~no and bleaching severity throughout the Red

Sea. Data were derived from NOAA Coral Reef Watch (CRW) Daily

Global 5-km satellite and bleaching surveys were conducted along

latitudinal gradients of the Red Sea. DHWs exhibited high values

(>8°C-weeks) in the southern region and the northern Red Sea

including both Gulfs of Aqaba and Suez. In contrast, bleaching

intensity across the latitudinal gradients (black points) showed that

no bleaching was recorded in the northern Red Sea including the

Gulf of Aqaba and Egyptian coast (the lack of bleaching at the two

Egyptian sites was not quantitatively surveyed and denoted with red

*) regardless high DHW, but high bleaching was observed in the

central Red Sea and intensified southward. This supports historical

and experimental findings and provides evidence that corals in the

northern region are thermally tolerant and have comparably high

thermal maxima relative to the ambient temperatures they

experience [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Mean � SD of maximum relative electron transport

rate (rETRMAX) of four coral species (Porites nodifera, Favia favus,

P. damicornis and Seriatopora hystrix) after 10 days in experimental

heat stress (+3 and up to 6°C in Thuwal and Hurghada, respectively)

in both central and northern Red Sea. Bar plot shows the difference

between rETRMAX mean � SD in control and treated samples for

each coral species, and data revealed significant decline of rETRMAX

of treated samples in Thuwal (level of significance denoted p < .05*,

.01**, .001***) compared to coral species at Hurghada that showed

high thermal tolerance and mean rETRMAX remained similar to

controls [Colour figure can be viewed at wileyonlinelibrary.com]
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Despite the warming trend and high DHW that exceeded the glo-

bal ocean warming rate (0.11°C vs. 0.5°C/decade in the northern Red

Sea, see Heron et al., 2016), no mass bleaching observations have

been recorded within the northern Red Sea region even when DHW

exceeded 11°C-weeks (Gulf of Aqaba—2010) and 15.1°C-weeks

(Hurghada—2012). Similarly, at a high 18.9°C-weeks at Wadi El

Gemal (2012), only 8%–20% of the coral community bleached (Hanafy

et al., 2012). Such patterns clearly contrast against global bleaching

incidents where mass bleaching often occurs after only 4°C-weeks

and widespread mortality at 8°C-weeks (Eakin et al., 2010; Liu et al.,

2006). This was further verified during the recent 2015/2016 El Ni~no

when DHWs were higher for the northern Red Sea where no bleach-

ing was observed but lower in the heavily impacted areas in the

south. The higher thermal tolerance of corals in relation to their ambi-

ent temperature regimes in the northern as compared to the central

Red Sea was then confirmed in our heat stress assays. Together,

these data extend the previous findings of high thermal tolerance of

corals in the Gulf of Aqaba (Bellworthy & Fine, 2017; Fine et al.,

2013; Krueger et al., 2017) into the entire north to north-central Red

Sea, increasing the potential coral reef refuge area by approximately

five-fold to 24°N (350 km coastal line in Gulf of Aqaba vs. 1,800 km

of the northern Red Sea including the Gulf of Suez).

Two potential hypotheses may explain these differential bleach-

ing patterns within the Red Sea. Driven by the latitudinal tempera-

ture gradient, corals in the north exist at colder ambient water

temperatures that are significantly lower than their thermal maxima

when compared to corals in the central and southern Red Sea. Fine

et al. (2013) proposed that corals were thermally selected and would

thus have similar thermal thresholds throughout the Red Sea. This

hypothesis was based on the premise that all present-day corals had

to recolonize the Red Sea after the Last Glacial Minimum (ca. 6–7

kyr BP) and thus, recruiting larvae had to pass the 32°C thermal bar-

rier at the southern entrance of the Red Sea (Braithwaite, 1987;

Trommer et al., 2010). Consequently, corals that successfully

recruited could have the capacity to be thermally tolerant, at least at

the larval stage, to temperatures of up to 32°C (Fine et al., 2013).

Ubiquitous coral recruitment across the Red Sea has been supported

by population genetic research that demonstrated the absence of

genetic variation within one of the abundant coral species P. verru-

cosa (Robitzch, Banguera-Hinestroza, Sawall, Al-Sofyani, & Vool-

stra,2015), but only neutral microsatellite markers were used in this

study and genome-wide evidence is needed. Fine et al. (2013) exper-

imentally found that corals in the Gulf of Aqaba tolerated tempera-

tures of up to 34°C. From this evidence, Fine et al. (2013) proposed

that the Gulf of Aqaba represents a coral thermal refuge. It is

unclear, however, why the corals would not (at least partially) lose

their high thermal tolerance after long-term exposure to the colder

ambient temperatures in the northern Red Sea as was previously

shown for corals in American Samoa (Palumbi et al., 2014).

Whilst we did not explicitly test the upper thermal threshold of

corals in the Red Sea, outcomes of our heat stress assays are sup-

portive of this inference, whereby corals in the northern Red Sea

that were exposed up to 34°C for 10 days did not bleach. High

relative thermal tolerance of coral species in the northern Red Sea

was further confirmed during the 2015/2016 El Ni~no thermal anom-

aly when reefs in the northern region remained without detectable

bleaching despite high DHWs (Figure 4). Based on our bleaching sur-

veys and analysis of remote sensing data, we suggest that reef corals

of the entire northern Red Sea, defined here as those existing

between 24°N and 30°N, have extraordinarily high thermal toler-

ances (>32°C) in relation to the ambient temperatures they regularly

experience (26–29°C, see Table 1) and are thus less susceptible to

thermal anomalies. As such, our observations regionally extend the

bleaching resistant coral reef area previously proposed for the Gulf

of Aqaba (Fine et al., 2013). Even under an extreme scenario of

IPCC (RCP-8.5) of increasing temperature anomalies by 3°C in 2100,

we argue that the northern Red Sea could remain free of bleaching

as ambient temperatures and thermal tolerances would not overlap.

As a second hypothesis, the unique environmental features of

the northern Red Sea may also reduce thermal exposure and explain

the observed tolerance. The circulation pattern in the Red Sea is lar-

gely driven by atmospheric heat loss and thermohaline forces (i.e.

density gradients; Sofianos & Johns, 2007). In fact, the complex

dynamical processes that generate the surface eastward flows in

response to the northward pressure gradient lead to down-welling

along the eastern boundary and up-welling along the western

boundary (Eladawy et al., 2017; Sofianos & Johns, 2003). Also, wind

stress induces a gyre circulation pattern in the north, and a strong

southward flow along the northwest coast of the Red Sea (Sofianos

& Johns, 2003; Zhai, Bower, Smethie, & Pratt, 2015). This may

reduce the influence of thermal anomalies as coral reefs in areas of

high flow have been shown to be less susceptible to thermal bleach-

ing by reducing localized build of harmful reactive oxygen species

(i.e. ROS, see Nakamura, 2010; Osinga, Derksen-Hooijberg, Wij-

gerde, & Verreth, 2017).

It is not possible to determine the extent to which these two

hypotheses may ultimately operate (and they may not be mutually

exclusive). However, it is clear that the northern region house corals

that are less susceptible to the thermal anomalies experienced over

the past three decades, and our data suggest that they will remain

unaffected in the near future by temperature increases alone. Our

data demonstrated that corals in the northern Red Sea do not follow

the global stress pattern (1°C above summer temperature), unlike

the central region that showed natural bleaching and significant

decline in photophysiology during experimentally derived heat stress.

This highlights the disconnect between the comparatively cold ambi-

ent temperature conditions in the northern Red Sea and the thermal

tolerance of its corals.

Whether local acclimatization and/or adaptation have led to an

increase in thermal tolerance over time remains to be assessed. Tol-

erance driven by past anomalies could be an adaptive or acclamatory

response of the coral holobiont (Palumbi et al., 2014; Ziegler et al.,

2015). Recent studies have in fact shown that there is no change in

endosymbiont clade types amongst commonly encountered coral

species (e.g. P. verrucosa) across the latitudinal gradient of the Red

Sea (Sawall, Al-sofyani, Banguera-hinestroza, & Voolstra, 2014;
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Ziegler, Arif, et al., 2017b); in contrast to the role of coral-associated

bacteria, which may be related to the thermal tolerance of the coral

host (Ziegler, Seneca, et al., 2017). The evolution of the coral holo-

biont in such a relatively oceanographically constrained area could

have facilitated adaption and/or acclimatization (sensu Dixon et al.,

2015), and a targeted functional genomics approach may be required

to tease out exactly whether and how corals persist in the Red Sea

with their extremely high thermal maxima. Lastly, very recent work on

corals from the Persian/Arabian Gulf suggest that increased salinity,

as found in the northern Red Sea in comparison to the southern Red

Sea, might also be a factor that can increase stress resilience of coral

holobionts by means of osmoadaptation (Ochsenk€uhn et al., 2017).

In conclusion, this work is the first to determine the thermal sus-

ceptibility of corals throughout the Red Sea using long-term remote

sensing data, historical and contemporary ecological surveys in com-

bination with an experimental approach. In contrast to widespread

evidence from corals outside the Red Sea, our data show that regio-

nal bleaching susceptibility across the Red Sea is not aligned with

the prevailing ambient SST, and we confirmed experimentally for the

first time that corals in the northern Red Sea region are less suscep-

tible to thermal stress than the corals in the central Red Sea. We

therefore propose that the entire northern region to approximately

24°N (~1,800 km coast line) may act as a refuge for reef-building

corals from environmental anomalies in times of rapid climate

change. Our study thus further highlights the need to regulate

against local impacts that may compromise coral thermal tolerance

and hence the health of reefs for the region.
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