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Corals in the northern Red Sea exhibit high thermal tolerance despite the
increasing heat stress. It is assumed that corals throughout the Red Sea have
similar bleaching thresholds (32°C or higher), and hence greater bleaching
tolerance of corals in the northern Red Sea region is likely due to lower ambient
water temperatures (25-28°C) that remain well below the corals’ physiological
maxima. Whether bleaching patterns across the Red Sea are independent of
the local maximum monthly mean of seawater temperature and aligned with
an assumed 32°C threshold has yet to be determined. Here, we used remotely
sensed surface sea temperature data spanning 1982-2020 to model spatial
distributions of Degree Heat Weeks across the Red Sea in relation to assumed
coral thermal threshold values of 30, 31, and 32°C. We also used the Coupled
Model Intercomparison Project Phase 5 model outputs to predict warming
trends in the Red Sea under different greenhouse gas representative
concentration pathways (RCPs). We show that applying 32°C thresholds
dramatically reduces effective Degree Heat Weeks in the north, but not in
central or southern Red Sea regions, a finding that is consistent with historical
bleaching observations (1998-2020) throughout the Red Sea. Further, model
predictions under the most extreme RCP8.5 scenario exhibited ~3°C warming
by the end of the 21 century throughout the Red Sea with less pronounced
warming for the northern Red Sea (2-2.5°C) compared to the central and
southern regions (2.7-3.1°C).This warming rate will remain below the assumed
thermal threshold for the northern Red Sea which should help this region to
serve as refugia (i.e., maintaining favorable temperatures) for corals to persist
for decades ahead. Together, our results support the notion that corals have
similar thresholds throughout the Red Sea; hence, coral bleaching thresholds
are independent of the local maximum monthly mean. Consequently, where

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.938454/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.938454/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.938454/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.938454/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.938454&domain=pdf&date_stamp=2022-11-22
mailto:eladawy.a.aa@m.titech.ac.jp
mailto:eom.osman@gmail.com
https://doi.org/10.3389/fmars.2022.938454
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.938454
https://www.frontiersin.org/journals/marine-science

Eladawy et al.

10.3389/fmars.2022.938454

regional warming projections suggest the northern Red Sea will not reach
assumed bleaching thresholds (32°C) before the end of the 21°* century, coral
reefs in the northern region may be among the last standing against

climate change.
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climate change, future scenarios, SST variability, coral resilience, bleaching threshold,

degree heating weeks

Introduction

Coral reefs provide essential ecosystem services for
approximately one billion people worldwide (Sing Wong et al.,
2022). However, coral reefs are rapidly deteriorating from the
increasing frequency and magnitude of marine heatwaves under
climate change (Hughes et al,, 2018; Rogers-Bennett and Catton,
2019). In reef-building corals, thermal stress causes bleaching or
disassociation between the cnidarian host and its algal
endosymbionts (family Symbiodiniaceae), which can lead to
starvation and mortality if temperatures did not return to
unstressful levels (Suggett and Smith, 2020). However, coral
thermal stress tolerance varies widely and can be influenced by
the temperature regimes of specific locations (Morikawa and
Palumbi, 2019; Cornwell et al., 2021; Logan et al., 2021).
Selective mortality through successive heatwaves may shape coral
responses to subsequent warming events (Fox et al., 2021) where
repeated heatwaves may improve the ‘ecological memory’ of corals
to further enhance thermal tolerance for future climate projections
(Hackerott et al., 2021). Consequently, reconciling spatial patterns
of coral thermal tolerance and their associated drivers is critical for
improving projections of coral survival in the future.

Coral bleaching occurs when the temperature exceeds the
thermal threshold [estimated as the temperature exceeding the
maximum monthly mean (MMM) by 1°C (Goreau and Hayes,
1994)] for a prolonged period. Several indices using remote
sensing measurements of sea surface temperature (SST) have
been developed to quantify the cumulative duration and
magnitude of thermal stress in efforts to better predict
occurrences and severity of coral bleaching. Degree Heating
Weeks (DHWs) - a heat stress accumulation index developed by
the National Oceanic and Atmospheric Administration
(NOAA) - is the most commonly used to predict thermal
stress over large geographic scales (Liu et al, 2006). DHWs
have successfully predicted bleaching for many regions (Eakin
et al., 2010) but “false positives” for other regions were also
observed (DeCarlo, 2020). In fact, the prediction capacity of
DHWSs has remained coarse; for example, early efforts using
local MMMs appeared to predict only 40% of coral bleaching
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globally and was inconsistent with bleaching patterns,
particularly in the central equatorial Pacific sites (Sandin et al.,
2008; Donner, 2009; Donner, 2011). Several models have been
developed to improve or fine-tune the predictability of bleaching
indices (e.g., Skirving et al., 2020), and NOAA recently adopted
the 90™ percentile of heat stress above MMM to calculate DHW's
rather than MMM+1°C (Lachs et al., 2021). A high-resolution
model using optimized thermal thresholds and local
environmental variables (ultraviolet-UV, water turbidity, and
cooling effects) has also been developed (Kumagai and Yamano,
2018). Collectively, such models have highlighted that some reef
regions, in fact, appear independent of the local thermal
threshold (i.e, MMM+1°C) and suggest that other processes
may also govern (or at least contribute to) the bleaching
threshold. For example, corals in the Arabian Gulf (the
warmest sea in the world) are populated by a distinct
subpopulation with naturally high thermal tolerance (Smith
et al,, 2022). Corals in the Arabian Gulf can tolerate summer
temperatures up to 34-35°C (Shuail et al., 2016) whereas
bleaching occurs between 29°C and 30°C for many other
biogeographic regions (Jokiel and Brown, 2004; McClanahan
et al.,, 2014). Environmental selection processes thus likely play a
critical role in shaping corals’ natural resistance across regions.

The Red Sea spans 15° of latitude and serves as a biodiversity
hotspot. Although exposed to high heat stress (>15 DHWs),
corals in the northern Red Sea region show exceptional thermal
resistance and have not experienced mass bleaching (Osman
et al.,, 2018). In contrast, corals in the central and southern Red
Sea regions have historically experienced mass bleaching when
exposed to similar (or less) DHWSs (Osman et al., 2018). Such
contrasting thermal tolerance from historical bleaching
observations has been recently further verified through
thermal heat stress experiments spanning the Red Sea (Osman
et al., 2018; Voolstra et al., 2021; Evensen et al., 2022). This
includes corals in the Gulf of Aqaba that do not exhibit bleaching
despite exposure to thermal stress equal to 11 DHW s (Fine et al.,
2013; Krueger et al.,, 2017). Elevated thermal tolerance in the
northern Red Sea has been attributed to a historical selection
process that has affected entire Red Sea coral populations.
Specifically, it was proposed that coral populations in the Red
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FIGURE 1

Spatial distribution maps of sea surface temperature (SST) variability along the Red Sea using Optimum Interpolation Sea Surface Temperature
(OISST V.2) remote sensing data from 1982 to 2020. The Red Sea was divided into three regions; the northern, central and southern Red Sea.
(A) Annual mean SST exhibiting a gradual decline toward the north. (B) SST standard deviation exhibiting declines to the south (except for the
most southern region), suggesting higher SST variability in the north (particularly the Gulf of Suez) compared to the central and southern Red
Sea. (C) Warming trend, using Theil-Sen estimator method (TSE), over 39 years along the Red Sea exhibiting a high trend in the northern
compared to the southern region (warming trends using TSE represent slightly lower trends compared to the ordinary least square in the
northern Red Sea — see Figure S3). (D) Spatial distribution of seasonal variations (i.e., the amplitude) exhibiting higher variability in the north
compared to the south; and (E) Spatial shift in the seasonal cycle (i.e., phase lag), and the number of days highlighting ca. 30-50 days shift

between seasons starts between north and south.
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Sea passed through a thermal barrier (32°C) at the southern
entrance to the Red Sea, the Bab El Mandab strait (Figure 1),
approximately 10,000 years ago after the Last Glacial Minimum
(Trommer et al., 2010). This thermal barrier acted as a natural
filter to select corals with the highest thermal tolerances and a
minimum threshold of 32°C. Consequently, corals in the
northern Red Sea, which experience cooler summer
temperatures mean (25-29°C), are currently living below their
proposed thermal maxima (Osman et al., 2018) whereas corals
in the central and southern Red Sea experience higher ambient
summer mean (30-32°C), and thus live closer to their
thresholds, and are more susceptible to heat stress.

The northern Red Sea has been proposed to provide natural
thermal refugia for corals in this region against the increasing
severity of bleaching events seen worldwide (Fine et al., 2013;
Osman et al,, 2018). Nevertheless, SST warming trends have
been predicted to be higher in the northern Red Sea, particularly
in the Gulf of Agaba (0.40°C decade™), relative to the global
average (0.075°C decade™) (Raitsos et al., 2013; Brewin et al.,
2015; Chaidez et al., 2017; Shaltout, 2019). As such, corals in the
northern Red Sea may reach their proposed thermal threshold
(32°C) faster than regions in the central and southern Red Sea,
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eroding the natural temperature buffer of the proposed the
northern Red Sea refugia (Genevier et al., 2019). However,
most warming predictions for this region have employed
linear relationships with time (e.g., Chaidez et al. (2017);
Osman et al. (2018)) and are thus subject to bias. Indeed,
warming trends are largely time-dependent, and warming
projections at regional scales may be influenced by
atmospheric and oceanic forces (e.g., wind, current, air
pressure, etc.) that may govern warming trends (Gleeson,
1994; Eladawy et al.,, 2017; Krokos et al., 2019). For example,
Krokos et al. (2019) suggested that the warming trend along the
Red Sea could be counteracted by the cooling effect of the
Atlantic Multidecadal Oscillation (AMO) phase. Thus,
predictions of warming trends require complex and dynamic
models to improve prediction accuracy. For example, the
Coupled Model Intercomparison Project (CMIP) is frequently
used to predict warming trends (Meehl et al., 2000), but has yet
to be applied within the context of bleaching thresholds for
corals of the Red Sea. Specifically, whether the northern Red Sea
will remain functional refugia from ocean warming or if the
region will reach its proposed threshold (32°C) faster than
central and southern Red Sea regions.
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The purpose of our current study was to i) determine
whether corals in the Red Sea possess similar thermal
thresholds, and ii) determine if spatial patterns of ocean
warming undermine past proposals of the northern Red Sea as
thermal refugia. We used remotely sensed sea surface
temperature (SST) measurements for the last four decades
(1982-2020) and integrated these with long-term bleaching
observations along the Red Sea. We compared spatial
distributions of DHWs using classical thermal threshold values
(MMM+1°C) but also manually adjusted thermal thresholds (of
30, 31, and 32°C) to recalculate DHWSs and so, identify the
threshold that best explains the spatial pattern of bleaching
observations along the Red Sea. To assess whether the
northern Red Sea will remain likely refugia by end of the 21%
century, we used Coupled Model Intercomparison Project Phase
5 (CMIP5) to examine warming trends under different future
greenhouse gas representative concentration pathway (RCP)
scenarios. Our analysis revealed that using a 32°C adjusted
thermal threshold produced DHWSs that matched bleaching
patterns along the Red Sea. This supports the notion that the
northern Red Sea supports corals with higher thermal thresholds
and require higher thermal stress to trigger bleaching. Further,
the CMIP5 model predicted that overall SST would increase by
3°C along the Red Sea by 2100 under the most severe scenario
(RCP8.5). Contrary to the central and southern regions, the
northern Red Sea would experience the least amount of warming
under all RCP scenarios, suggesting the northern region will
likely continue to serve as functional coral refugia in the future.

Materials and methods

We used historical remote sensing data (1982-2020) to
systematically evaluate the spatio-temporal variability of sea
surface temperature (SST) (i.e, anomalies, seasonality, trend
analysis, and DHW). To investigate whether corals have similar
thresholds along the Red Sea, we compared DHWs using local
maximum monthly mean+1°C (MMM+1°C, hereafter referred
to as the classical threshold) but also thresholds that were
manually adjusted to 30, 31, and 32°C (referred to as adjusted
thresholds), and how DHWs for each model align with long-
term bleaching observations (1998-2020). Finally, we used the
CMIP5 model to predict the thermal projections along the Red
Sea under different greenhouse gas representative concentration
pathway scenarios, to understand whether the northern Red Sea
will remain corals refugia by end of the 21% century.

SST remote sensing data
Sea Surface Temperature (SST) data were obtained from

daily 0.25° remote sensing data from the NOAA Optimum
Interpolation Sea Surface Temperature (OISST; Version 2,
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https://www.ncei.noaa.gov/data/sea-surface-temperature-
optimum-interpolation/v2.1/access/avhrr/) dataset for the
period 1982-2020. The OISST dataset provides daily means of
SST collected throughout the day and thus, it is not confounded
by temperature variance induced by diurnal variability or a
particular time of day (Banzon et al., 2020). OISST data is also
integrated with in situ data obtained from ships and buoys to
enable large-scale adjustment of satellite biases (Reynolds et al.,
2002; Banzon et al.,, 2014). OISST has been previously used to
calculate DHW in different bioregions [e.g., Indian Ocean
(Arora et al, 2021), and Eastern Tropical Pacific (Romero-
Torres et al.,, 2020)]. DeCarlo (2020) in fact proposed OISST
to be one of the most appropriate datasets to detect extreme
events because of its high temporal resolution (daily SST). All
OISST data were downloaded as NetCDF files and cropped for
the Red Sea, and daily SST were analyzed using MATLAB
(Version R2020b). All raster maps were plotted using Ocean
Viewer (V.5.5.2) unless otherwise stated.

Variability of SST and warming trend analysis
To assess spatial and temporal variations in SST, we
calculated the annual SST mean and SST standard deviation
between 1982 to 2020 for each grid cell within the Red Sea.
Warming trends along the Red Sea were also assessed using two
methods; i) ordinary least squares (LSE), and ii) Theil-Sen
estimator (TSE) (Chervenkov and Slavov, 2019). Each method
estimates the SST trend (i.e., slope) over the studied period
(1982-2020) for each pixel. However, it is noted that TSE is
commonly used to calculate trends in nonparametric data,
including meteorological and hydrological time series (Theil,
1950; Heras-Sanchez et al., 2019), and more robust than the LSE
method, where the latter is more sensitive to outliers (see
Fernandes and Leblanc, 2005; Chervenkov and Slavov, 2017).

Seasonality

We investigated variation in the seasonal cycle of SST for
each pixel during 1982-2020 using Fourier analysis, which
implements the transformation of periodic functions (Goela
et al,, 2016) to quantitatively represent their spectral
composition as a function of time. The variation in seasonal
cycles was represented by amplitude (i.e., half of the distance
between the limits of the sine function) and phase angle (i.e., the
function shifts horizontally) (Marullo et al., 1999; Shaltout and
Omstedt, 2014). The amplitude and phase angle of the annual
SST cycle were calculated using the daily SST at each grid (i, j)
(0.25° * 0.25°). This was analyzed using Egs. (1-3) as follows:

fi,j(t) = 4o

N 2nnt . [(2nnt
+Zn=1{an),.,j cos( T ) + by sm(T>} (Eq.- 1)

where a,, and b, are the Fourier coefficients, T is one-year

period, and t the time. The Fourier analysis can be described if
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the seasonal cycle is predominant as follows:

2t . [(2mt
f,,}(t) = ao)i)j + OtiJ CcoS (T) hl,] Sin (T)

2mt
= ag,; + A;jcos (T + 9,-,1-) (Eq. 2)
where the subscript # = 1 is not indicated, and the amplitude
A and the phase angle 9 are defined as follows:

A= \/a2+b2,S:tan_lk

p (Eq. 3)

Thermal anomalies

Assessment of SST anomalies and their temporal evolution
along the Red Sea was performed using Empirical orthogonal
function (EOF) analysis. EOF is a commonly used analysis to
examine the variance of spatiotemporal data by reducing time
series into a few spatial patterns, or EOFs (Borzelli and Ligi,
1999). This method is considered a decomposition of any dataset
in terms of orthogonal basis functions (Sonnewald et al., 2021).
The EOF was determined by decomposing a Spatio-temporal
signal along the Red Sea as per Bjornsson and Venegas (1997)
using equations 4 and 5. Seasonal detrending (i.e., subtracting
the trend component from the data, see Deser et al. (2010)) was
performed before applying the EOF.

Z (x)y) t) = al t ¢1 (x’}’) + a2(t) ¢2(x>)’)

+a; t ¢3(x>)’)+--~
+ay(t)  ou(xy) (Eq- 4)
Z (yt)=Xfai () ¢ (xy) (Eq. 5)

where ai (t) is a weighted time-dependent coefficient
(principal component time series), ¢; (x,y) is the spatial mode
(Mode), and M is the total number of modes.

Thermal threshold and DHWs

We calculated the thermal threshold and Degree Heating
Weeks (DHWs) along the Red Sea during the study period
(1982-2020) to retrieve the accumulative heat stress for corals
when the SST exceeds the long-term MMM (i.e., maximum
climatology; Donner et al., 2005). The long-term MMM over the
last 39 years was calculated for each pixel, while the thermal
threshold was calculated as 1°C above the MMM. We
subsequently calculated the hotspot which is a daily SST that
is larger than MMM (HotSpot = daily SST - MMM) for each
pixel, while negative values were adjusted to zero (Skirving et al.,
2020). The DHW was calculated by summing hotspots >1°C
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over a 12-week window to combine the duration and intensity of
the heat stress (Liu et al., 2006). The maximum value for degree
heating week at each grid was extracted for each year during
1982-2020, and mapped along the Red Sea.

Adjusted thermal threshold models

An assumption that corals have a similar threshold (32°C)
throughout the Red Sea (Fine et al, 2013) suggests that the
northern Red Sea does not conform to the classical threshold
(MMM+1°C) that triggers bleaching and mortality elsewhere
(according to DHW>4 for widespread mortality and DHW>8
for mass mortality, Liu et al., 2013). Classical thresholds would,
in fact, lead to high DHWs and hence potentially false positive
bleaching alarms in the north, unlike central and southern Red
Sea regions that experience bleaching at less DHWs. We
therefore manually adjusted the thermal threshold to 30, 31, or
32°C to recalculate DHWSs in three separate models to test
whether corals have a similar threshold (32°C) along the Red
Sea. To do so, we used the classical threshold (MMM+1°C, see
above) as a reference to manually adjust the thresholds. Pixels
with values of MMM+1°C below 30, 31, or 32°C were adjusted to
either 30, 31, or 32°C respectively in the three separate model
runs (and so pixels with values of MMM 230, 31, and 32°C
remained unchanged). The adjusted threshold values were then
used to recalculate the DHWSs (as described above) to assess
changes in the spatial DHWs pattern in each adjusted model.
This enabled us to assess which DHW model(s) likely aligned
with long-term bleaching observation along the Red Sea.

Bleaching data

Bleaching data were obtained from three different sources to
identify the DHW model approach that most consistently
aligned to bleaching patterns. Bleaching data was compiled
from, i) literature survey of publications that reported coral
bleaching events along the Red Sea. Data for bleaching intensity,
coordinates, and year of bleaching were extracted for each site;
ii) field surveys conducted at ten sites representing the Egyptian
(n=5) and Saudi Arabian (n=5) coasts from 2015 to 2021 (see
Figure S1). Data for these surveys were collected at 5-10m depth
using the standard reef check method via SCUBA (Reef Check
Foundation, 2020; Carriger et al., 2021). Description of surveyed
sites can be found in the Supplementary Data; iii) Data obtained
from the Reef Check Foundation include 558 surveys/sites along
the Egyptian Red Sea conducted between 1998 and 2020.

The intensity of coral bleaching may correlate with several
thermal indices that show significant correlations with the
spatial variation of bleaching on regional (Pineda et al., 2013)
and global scales (Sully and Van Woesik, 2020; Donovan et al.,
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2021). These indices include but are not limited to, SST anomaly
(SSTA; weekly SST minus weekly climatological SST), SSTA
frequency (the number of times over the previous 52 weeks that
the SSTA was greater than or equal to 1°C), DHW, and many
others. We, therefore, used the precalculated indices in the
Global Coral Reef Temperature Anomaly Database (CoRTAD;
Version 6; https://www.ncei.noaa.gov/data/oceans/cortad/
Version6/), 4-km resolution, simultaneously with our
bleaching record. Potential correlations between bleaching data
and selected CoRTAD thermal indices during 1982-2020 were
investigated using covariate correlation to investigate the
strength of correlation between variables. Covariates were
calculated using pair-wise Pearson’s correlation coefficients
and plotted using "R" statistical software (Core R. Team et
al., 2013).

Thermal projection under future scenarios

Coupled Model Intercomparison Project (CMIP) outputs
were used to assess past, present, and future global warming that
are influenced by natural variabilities or radiative forcing, and
are based on validated global coupled ocean-atmosphere general
circulation models (Meehl et al, 2000). Accuracy of CMIP
simulation results have been regularly assessed and adopted in
consecutive Intergovernmental Panel on Climate Change
(IPCC) Reports (Hu et al., 2022). We used the output of 25
different experiments (models) from the Coupled Model
Intercomparison Project Phase 5 (CMIP5, https://pcmdi.llnl.
gov/mips/cmip5/) as previously applied for other regions
(McWhorter et al., 2021). Each experiment output was
downloaded as NetCDF, cropped, and manipulated by
MATLAB (Version R2020b). We calculate the ensemble mean
of 25 different experiments for the projected sea surface
temperatures (T,s). Future T, changes under the four RCP
scenarios were then calculated using a 30-year running average
from 2006 to 2100 under four representative concentration
pathway scenarios [i.e., RCP2.6, RCP4.5, RCP6.0, and RCP8.5,
where the numbers indicate the assumed radiative forcing in
2100 according to the IPCC (Moss et al., 2008)]. The output of
each model was mapped along the Red Sea to assess the spatial
variation in thermal projection along the Red Sea under each
RCP scenario. To assess the temporal pattern of thermal
projections over different Red Sea regions, we divided the
Red Sea into three regions: namely the northern (21.5°-30°N),
the central (16.5°-21.5°N), and the southern Red Sea (16.5°N-
10.2°N in the Bab El Mandab strait). Further, expected SST
warming (ATos) for all pixels within each region (i.e., North,
Central, and South) were averaged and plotted against time to
assess temporal variation in warming using R statistical software
(Core R. Team et al,, 2013). Specifically, to examine the rate of
warming for the northern Red Sea versus central and southern
regions and hence the extent to which the northern Red Sea is
retained as potential refugia.

Frontiers in Marine Science

06

10.3389/fmars.2022.938454

Results
SST variability

SST analysis using OISST data 1982-2020 revealed that the
annual mean SST (i.e., climatological mean) increased from
north to the south Red Sea, ranging from 22°C to 30°C
(Figure 1A). In contrast, SST variability (i.e., standard
deviation) exhibited the opposite pattern with the lowest and
highest variability observed for the south (~ #2°C) and the
north, respectively, and particularly for the Gulf of Suez
(~ %3.5°C) (Figure 1B). LSE and TSE methods indicated
strong warming trends in the northern compared to the
central and southern Red Sea; however, either model exhibited
slight spatial differences (Figures S3, 1C). TSE revealed higher
warming trends in the northern region (range 0.4-0.18°C
decade™) compared to the southern Red Sea (0.15-0.25°C
decade™), particularly for the Farasan Islands (0.2°C decade™).
LSE returned a similar warming trend (range, 0.43-0.2°C
decade™) along the Red Sea but with greater warming
particularly for the central region (0.27-0.32°C decade™ - see
Figure S3).

Seasonal variability exhibited spatial patterns along the Red
Sea, where SST seasonal variation was least in the southeast
region of the Red Sea (amplitude<1.7°C) close to the Bab El
Mandab strait (Figure 1D). In contrast, SST seasonal variation
was greatest for the Gulf of Suez (amplitude >4.8°C), followed by
the Gulf of Aqaba (amplitude 2.5°C). In addition, there was a
30-60 days shift (i.e., phase lag values) at the beginning of each
seasonal cycle along the Red Sea highlighting that the summer
season starts earlier in the north (July-August), which gradually
moves southward (August-September, see also Figure 54). The
latest summer peak is usually observed along the southern coast
of Saudi Arabia (phase lag = 60 days at the Farasan Islands and
Al Lith).

Thermal anomalies using EOF analysis returned relatively
higher SST anomalies for the northern region compared to the
southern region, where the first two modes of EOF combined
explained approximately 61.3% of the total SST anomalies
variances (Figure 2, see Figure S5 for temporal evolution). The
first mode (explaining 35% of the total variance) showed higher
SST anomalies in the north relative to the southern region and a
zonal gradient between east-west coasts, where the eastern coast
had higher anomalies than the western coast in the northern
region (Figure 2A). The second mode (explaining 26.3% of the
total variance) exhibited a similar gradient of SST anomalies
pattern along the Red Sea, but with more meridional changes
that did not change between the east and west coast in the
northern region (Figure 2B).

The thermal threshold based on the long-term SST monthly
mean (i.e, MMM+1°C; see Glynn and D’croz, 1990) varied
along the Red Sea latitudinal gradient, ranging from 28°C in the
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FIGURE 2

Spatial distribution maps of thermal anomalies using empirical orthogonal function (EOF) analysis on OSSIT remote sensing data (1982-2020)
along the Red Sea. The first two modes of EOF (explaining 61%) were extracted and each mode was mapped separately. Both modes showed
relatively higher thermal anomalies in the northern region compared to the southern regions. (A) The first mode (explained 35% of the total SST
anomaly variance), and showed higher SST anomalies in the northern region, with a zonal gradient between east and west; (B) The second
mode (explained 26.3% of SST anomaly variance) with a pronounced latitudinal difference. (C) spatial distribution of thermal threshold (°C)
calculated as the maximum monthly mean over 39 years plus 1°C (MMM+1), where spatial variability exhibited a higher threshold in the southern

region (ca.33°C) compared to the northern region (<29°C).

C Thermal Threshold (MMM+1)

(§9]

north to 33°C in the south (Figure 2C). Higher thresholds
appeared near the Farasan Islands (Saudi Arabia) and
Massawa (Eritrea), declining toward the north to reach 28.5°C
in the Gulf of Aqaba and 27.5°C in the Gulf of Suez. Notably, the
thermal threshold in the northern Red Sea also varied between
the east and west coasts, where the Egyptian coast had a lower
thermal threshold than the Saudi Arabian coast at the same
latitudes (Figure 2C). DHWSs over the past 39 years were largely
restricted to the southern Red Sea region until the year 2000
(Figure 3). However, this pattern was altered in the last two
decades (2000-2020) with a higher frequency and intensity of
DHWSs observed for the northern Red Sea region (Figure 3; see
also DHWs in Figure S4).

Field surveys and adjusted thermal
threshold models

We used CoRTAD v.6 data to examine changes in thermal
stress indices at the surveyed locations and investigate potential
correlations between these indices and bleaching observations
(see Sully et al., 2019). Similar to OSSIT, the unadjusted DHW's
(MMM+1°C) for the same locations as the surveys increased
with time (Figure 4A) but no correlation was ultimately returned
between thermal indices and percentage of bleaching (Figure 4B,
see also Figure S5). Therefore, we recalculated DHWs
(previously developed from OISST; Version 2 dataset) over 39
years based on both the conventional/classical (MMM+1°C) and
adjusted thermal thresholds (i.e., MMM+1°C values<30, 31, and
32°C were adjusted to 30, 31, and 32°C) to test whether corals
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have a similar threshold (32°C) along the Red Sea. Spatial
distribution of DHWs was similar between the classical and
the 30°C-adjusted thermal threshold models along the Red Sea,
except for the Gulfs of Aqaba and Suez that experienced no
DHWs after thermal threshold adjustment to 30°C (Figure 5A,
B). Furthermore, the northern Red Sea region had high DHWs
(up to 20 DHW) that declined toward the central and southern
Red Sea regions, except in Massawa (Eritrea) (Figure 5A). In
contrast, the 31°C-adjusted threshold model showed a
remarkable decline of DHWs (<5 DHWs) along the west coast
of the northern Red Sea (i.e., Egypt), while DHWSs along other
regions of the Red Sea remained similar to 30°C-adjusted
threshold model. Finally, the 32°C-adjusted thermal
thresholds exhibited a dramatic decline in the spatial
distribution of DHWs where no DHWs were shown over the
entire northern region, while the southern and central regions
had DHWs similar to those observed in previous
models (Figure 5).

Historical bleaching observations over the last four decades
(total n=568) were used to validate our adjusted threshold
models. Overall, no mass coral bleaching events were recorded
along the northern Red Sea region from 1998 to 2020, while
bleaching was restricted to the central and south (Figure 5E).
This pattern was aligned with the 32°C-adjusted thresholds
model where the recalculated DHWs markedly declined in the
whole northern region, unlike the central and southern region
where DHWs remained unchanged in all models (classical vs
adjusted threshold). Our field surveys also confirmed this
pattern and revealed a lack of bleaching along the northern
region (Dahab, Sharm El-Sheikh, and Hurghada) from 2015 to
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FIGURE 3
Calculated maximum degree heating weeks (DHWs) based on MMM+1°C for representative years over the 39 years data analysis period (1982-
2020). Maps demonstrate how DHWs shifted from the southern (in E-H) to the northern region (A-D) over time, where DHWSs were restricted to
the southern regions until the 2000s. In contrast, the frequency and intensity of DHWs shifted toward the northern regions. Notably, the colour
legend in each map has a different scale range to exemplify the increase of DHWSs intensity over time along the Red Sea.

2020 despite high DHWs (based on MMM+1°C). In contrast, by 2070 or ~3°C by 2100). In contrast, RCP2.6 (most optimistic)

bleaching was recorded in the central region (35%, Ash scenario, the maximum increase predicted was 0.45°C by 2060
Shuaybah, Jeddah-2015), while little bleaching was also and with insignificant cooling thereafter (Figure 6). Furthermore,
observed during the summer of 2020 (2%) and of 2021 (<2%) the projected SST warming trends showed substantial differences
further north of the Saudi Arabian coast (i.e., Yanbu region - between the Red Sea regions (i.e., north, central, and south). The
Figure 5E). Our data showed that the 32°C-adjusted thermal warming trend was generally higher for the central and southern
threshold appears the most reliable model that explains the regions under all RCP scenarios. In contrast, the predicted
historical bleaching pattern along the Red Sea. This suggests that warming trend for the northern region was ~0.2-0.5°C less than
corals in the northern region thresholds are independent of for the central and southern regions (and in contrast to our linear
changes in the local MMM and retain similar threshold as other analysis using LSE and TSE results). Notably, more exposed
regions across the Red Sea. southern areas (i.e., Farasan and Mussawa) exhibited the highest

thermal projections under RCP6.0 and RCP8.5 scenarios
(Figure 6). Importantly our model outputs suggest that under

Thermal projections under future the RCP8.5, the northern region that currently experiences 25-28°

scenarios C ambient SST summer mean will remain below the proposed
thermal threshold (32°C) by the end of 21* century.

Future SST projections under four RCP scenarios were

calculated using a 30-year running average. By the end of the

21* century, SST increases for the Red Sea ranged from ~0.5°C Discussion

under scenario RCP2.6 to 3°C under scenario RCP8.5. In fact,

under RCP8.5 (the worst scenario or business-as-usual), the Red Corals in the northern Red Sea region exhibit exceptional

Sea could experience an SST increase of ~1°C by 2049 (and ~2°C thermal tolerance, and contrast those in the central and southern
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FIGURE 4

Percentage of bleaching from in situ observations and relationships with precalculated thermal indices obtained from remote sensed SST obtained from
CORTAD v.6 data over the 1998-2020 period. (A) Relationship between DHWs and bleaching percentage where the circle size indicated the extent of
percentage bleaching (indicating the increase in the severity of bleaching over time along the Red Sea). (B) Correlation plot between precalculated thermal

indices (CORTAD) and bleaching percentage. No correlation was evident between indices, unlike previously reported global studies. The colour and size of
the circles indicate the strength of the correlation between variables.

regions that experienced frequent mass bleaching events the Bab El Mandab strait after the Last Glacial Minimum (6-7
(Osman et al., 2018). Higher thermal tolerance in the northern kyr BP, Braithwaite, 1987; Trommer et al., 2010). Prior work has
region has been particularly attributed to a natural selection therefore assumed that corals along the Red Sea have a similar
event where corals passed through a thermal barrier (32°C) in upper thermal threshold (32°C) despite their ambient
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FIGURE 5

Spatial distribution maps of the maximum DHWSs based on classical (i.e., MMM+1°C) and adjusted thermal threshold along the Red Sea over 39 years. We
adjusted classical thresholds using a condition that any value less than 30°C, 31°C, and 32°C, for any given pixel are set to 30, 31, and 32°C respectively. (A)
DHWs based on the classical thermal thresholds, where the maximum DHWs were higher in the northern compared to the southern Red Sea regions, except
for the Gulf of Agaba and Suez. (B) DHWs at a 30°C—adjusted thermal threshold (i.e., threshold values<30 were adjusted to 30°C) where DHWs decreased to
zero in the Gulf of Agaba and Suez, while DHWs were partially less than the original threshold along the Egyptian coast. (C) DHWs at a 31°C—adjusted threshold,
where DHWs appeared less in the northwest region while the eastern region of the northern Red Sea remained unchanged; and (D) DHWs at a 32°C—adjusted
threshold shows less DHWSs in the northern Red Sea, while DHWSs were restricted to the central and southern regions. (E) Map shows the spatial distribution of
bleaching observations along the Red Sea obtained from Reef Check data from 1998-2020 and field surveys (total n=568 sites). It highlights that the most of
bleaching was recorded in the central and southern of the Red Sea, while the northern Red Sea did not experience bleaching over this period except in 2012.

Notably, the number of surveys was more extensive in the north (particularly Egypt and a few in Saudi Arabia) compared to the southern regions (Yemen and
Eritrea) highlighting the data limitation.
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temperature (Fine et al., 2013). As such, corals in the northern
region that currently live under relatively lower ambient
temperatures (25-28°C) remain below their thermal maxima,
enabling the region to serve as refugia by greater buffer from
thermal stress. To test this hypothesis, we used remote sensing
data for the last four decades to assess the DHWSs, where the
thermal threshold is manually adjusted to a ubiquitous value of
32°C. We observed a remarkable decline in DHWs for the
northern region, but not for the central or southern regions,
when the 32°C-adjusted thermal threshold model was used
instead of the classical threshold (MMM+1°C). Spatial
distribution of 32°C-adjusted DHWs aligned with the
bleaching pattern along the Red Sea, with a lack of bleaching
in the north and mass bleaching in the central and southern Red
Sea. Our data support the notion that corals have, indeed, been
filtered to possess a similar threshold (32°C) along the Red Sea as
previously proposed. As such, it was subsequently imperative to
assess the extent to which this region will remain refugia for
coral under future thermal projections. CMIP5 model predicted
that the seawater temperatures will increase by ~3°C along the
Red Sea by 2100 under the most extreme scenario (RCP8.5) -
even so, this will result in SST remaining below the 32°C
thresholds for coral bleaching in the northern (but not central
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Projected warming trends for the year 2100 based on the CMIP5 ensemble mean models under various representative concentration pathway
(RCP) scenarios. Projected sea surface temperature values (ATos= Tos2100 — Tos2006) were mapped to assess the spatial distribution of
warming trends by 2100 along the Red Sea. Values were also averaged over the different regions of the Red Sea (North, Central, and South) and
plotted over time to assess the temporal trends among Red Sea regions. Based on RCP2.6 (the least warming among all investigated scenarios),
intriguingly the high values were restricted to the southern parts that may experience up to a 0.5°C increase in the SST by the end of the 21
century. In RCP4.5 and RCP6.0, higher warming trends were projected in the central and southern regions. With the business-as-usual scenario
(i.e., RCP8.5), warming in the northern region is projected to be less (2.5°C) than the projected warming in the central and southern (3°C)
regions with values less than the reported current warming values using TSE methods.
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or southern) region, highlighting that the northern region could
be one of the last standing reefs in the future unless corals can
thermally adapt.

Thermal variability along the Red Sea
latitudinal gradient

Overall, the variability of thermal regimes may govern the
thermal tolerance of corals. High daily and/or seasonal SST
variability may improve the adaptive capacity of corals to
tolerate heat stress (Palumbi et al., 2014; Schoepf et al., 2015).
For example, corals in high variability backreef pools and/or
mangroves that experience high-temperature fluctuations
exhibit higher thermal tolerance relative to other nearby corals
that experience less variable SST (Oliver and Palumbi, 2011;
Camp et al.,, 2020). We observed higher SST standard deviation
and seasonal variations in the northern compared to the
southern Red Sea region (see Figure 2), which could in
principle be considered to enhance thermal tolerance for the
northern region. However, the thermal tolerance of corals may
not always be enhanced by thermal variability; for example,
massive corals (Porites lobata and Goniastrea retiformis)
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obtained from high and low thermal variability habitats
exhibited similar susceptibility and physiological response to
acute heat stress despite their thermal origin (Klepac and
Barshis, 2020). Similarly, Acropora aspera preconditioned to
constant and variable daily temperature exhibit the same
physiological response and thermal susceptibility to heat stress
(Schoepf et al., 2022). This suggests that SST variance is not a
primary driver of enhanced tolerance for the northern region
and other factors may govern this process.

We found higher thermal anomalies in the east than on the
west coast of the northern Red Sea. This may contribute also, to
some extent, to the observed differential bleaching susceptibility
of corals between the east and west coast of the Red Sea. Mass
corals bleaching was observed on the east side of the Red Sea
(Rabigh) in 1998 and 2015 in Thuwal (Saudi Arabian coasts),
while no bleaching was reported on the western coast of the Red
Sea at the same latitude (Osman et al., 2018; DeCarlo et al,
2020). Such differential susceptibility between the east and west
coast may be attributed to the cooling effect from the Gulf of
Suez or high-speed cyclonic eddies in the west region.
Specifically, the warm current moves toward the north of the
Saudi Arabian coast (July to December) and then turns toward
the west coast at the Gulf of Aqaba forming a cyclonic
circulation (Eladawy et al, 2017). This movement is aligned
with the mixing of cold water from the Gulf of Suez (Eladawy
et al., 2018) and in turn, provides a high-speed cold-water
current to the western coast of the northern Red Sea (Egypt).
Notably, this process does not affect corals in the Gulf of Aqaba,
and thus, it does not explain the exceptional thermal tolerance
throughout the northern Red Sea region. High-speed currents
can mediate thermal stress and enhance coral resistance
(Nakamura and Van Woesik, 2001; Page et al., 2021), but this
is a factor that yet to be also tested as a driver of thermal
tolerance in the Red Sea region. We, therefore, propose that
nested local hydrodynamic model(s) detailing the thermal
heating and cooling dynamics are urgently needed to
understand physical factors that affect corals’ resistance along
the northern Red Sea.

Adjusted threshold versus bleaching
observations

The dependency of coral bleaching on thermal stress
dynamics in the northern Red Sea is currently unclear. The
assumption that coral populations have a similar thermal
threshold (32°C) along the Red Sea is a generally accepted
theory that explains the exceptional tolerance of coral in the
northern region. Corals in the Gulf of Aqaba, for example, that
experience ~25°C mean summer temperatures remain ~7°C
below their bleaching threshold. Thus, the currently used
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thermal threshold model (MMM+1°C) that relies on the long-
term summer mean is lower than the actual threshold (32°C)
that triggers bleaching. We adjusted the thermal threshold up to
32°C and recalculated DHWs to assess how the spatial
distribution of the adjusted DHWs aligns with the lack of
bleaching observations along the Red Sea. Our 32°C-
adjusted threshold, indeed, confirmed a dramatic decline in
DHWs exclusively for the northern region whereas DHWs for
the central and southern regions remained unchanged.
Consequently, the thermal threshold in the central and
southern Red Sea is already relatively close to 32°C, and thus,
adjusting the threshold did not change DHWs for central and
southern regions. This is unlike DHWs in the northern region
which has a lower threshold value (<30°C) and thus, DHWs
dramatically declined. Indeed, the classical thermal threshold
(MMM+1°C) ranged from 31-33°C in the southern region
compared to 25-29°C for the northern region (see Figure 2).

The bleaching pattern along the Red Sea matched the spatial
distribution of the recalculated DHWs using a 32°C-adjusted
threshold. Historical bleaching surveys (total n=568, 1998-2020)
revealed a lack of mass bleaching along the northern region,
while bleaching was restricted to the central and southern
regions (Figure 5). Again, this supports the assumption that
corals retain a similar thermal threshold (32°C) along the Red
Sea, and coral thresholds do not follow the maximum summer
temperature mean (MMM+1°C) as in other regions. Corals in
the northern region, therefore, require higher thermal stress to
bleach than corals in other Red Sea regions, which also explains
previously highly reported DHWs values and false-positive
bleaching alarms (NOAA Coral Reef Watch). The currently
used method to calculate DHW by NOAA Coral Reef Watch
(Liu et al., 2006) relies on MMM+1°C as a threshold, which is
thus below corals’ physiological maxima and insufficient to
trigger bleaching in the northern Red Sea. Such an outcome is
in line with previous field observations, particularly during the El
Nifno event in 2015, where corals showed mass bleaching in
central and southern regions but not in the northern region
despite exposure to similar heat stress (Osman et al., 2018).
Similarly, our sporadic bleaching surveys found similar findings
where coral bleaching in Yanbu was 2%, while south Jeddah
experienced 35% bleaching during 2015 (Figure S1). This also
was consistent with bleaching observations during 2022 where
the central Red Sea (Thwual, Saudi Arabia) showed mild
bleaching, while no bleaching was observed in the northern
region (e.g., Shusha Island, Saudi Arabia) despite NOAA
bleaching alert (personal and anecdotal data). This highlights
that corals in the northern Red Sea require more heat stress to
bleach to reach their physiological threshold.

Interestingly, several lab experiments further support the
notion of greater thermal tolerance in the northern region,
unlike other studies that showed higher corals susceptibility in
the central and southern regions. For example, three coral
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species in the Gulf of Aqaba appeared healthy and maintained
energy reserves and biomass after exposure to +6°C above
MMM for 37 days (equivalent to 32 DHWSs - see Grottoli
et al., 2017). Further, Krueger et al. (2017) exposed Stylophora
pistillata in the Gulf of Aqaba for 11 DHWs and observed
stability in host and symbiont biomass with only subtle
cellular-level shifts in carbon and nitrogen metabolism under
elevated temperatures. Similarly, the photo-physiological
response of four coral species in the northern region
(Hurghada, Egypt) showed higher tolerance than the same
coral species in the central region (Thuwal, Saudi Arabia) when
they were exposed to 4°C above their respective local MMM
(Osman et al., 2018). Finally, Banc-Prandi et al. (2022)
estimated the optimal temperature (Top) that is needed for
ideal coral metabolism and reproduction and observed that
Tope in the Gulf of Aqaba was significantly above local MMM,
while T,y for corals in DJibouti was closer to local MMM. This
was also consistent with the assessment of the thermal
threshold using the Coral Bleaching Automated Stress
System (CBASS) which showed that corals in the Gulf of
Aqaba are more resistant than corals in the central and
southern regions (Voolstra et al., 2021; Evensen et al., 2022).
Collectively, these examples provide important evidence for
the Red Sea - outside of normal heat stress bleaching cycles -
that use of MMM+1°C to define thresholds may lead to
erroneous predictions of bleaching, but also the susceptibility
of corals to future heat stress projections.

Molecular responses of the coral holobionts to heat stress
also showed extensive variations among the Red Sea regions. The
transcriptome of Stylophora pistillata from the Gulf of Aqaba
showed fast and pervasive changes in gene expression after
exposure to 32°C and followed by a return to baseline
expression during recovery. In contrast, S. pistillata raised to
34.5°C, showed large differences in overall gene expression, with
limited recovery to the baseline expression and dominance of
opportunistic bacteria, indicating that the lethal temperature
threshold was probably exceeded (Savary et al., 2021). This
hypothesis was further supported by high instances of
holobiont mortality at 34.5°C. On the other hand, S. pistillata
sampled from the central Red Sea exhibited muted and fixed
high gene expression, suggesting that corals cannot further
attune heat stress (Voolstra et al., 2021). Sawall et al. (2015)
similarly reported extensive phenotypic plasticity of Pocillopora
verrucose in the northern Red Sea, unlike those sampled in the
central and southern Red Sea. Osman et al. (2020) also found
microbiome variations among six coral species along a
latitudinal grant in the northern Red Sea, which included the
identification of five novel endosymbionts. Taken together, we
propose that coral holobionts in the northern Red Sea could have
intrinsic molecular and physiological capacities to tolerate
thermal stress. Importantly, the exact mechanism(s)
underlying differences in thermal tolerance across Red Sea
regions are likely different and part of a complex process that
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remains unresolved. Additional research is required to
standardize response measures and/or the sampling/
preparation protocols, ensuring comparable data along the Red
Sea. Addressing the difficulties involved in identifying specific
temperature thresholds that trigger bleaching at the coral
holobiont level in the Red Sea should also be prioritized.

Thermal projections under future
scenarios

The Red Sea has experienced a shift in the climate pattern
along its latitudinal gradient over the last 3-4 decades (e.g.,
Raitsos et al., 2013; Chaidez et al., 2017; Osman et al., 2018;
Shaltout, 2019). Our data were consistent with this notion and
showed that DHWSs were restricted to the southern region
during the 1980-90s, while this pattern was altered with more
intense and frequent DHW3 in the northern region over the last
two decades (see Figure 3). As such, higher warming trends
appear evident for the northern compared to southern and
central regions, which raises concerns about the capacity of
marine life to adapt to warming across different Red Sea regions.
We consider that the warming trend for the northern region
though is overestimated for two reasons: First, most prior studies
have used linear trends (slope) over relatively short time frames
(2-4 decades) to predict future SST warming trends, an approach
that can be hindered or intensified by natural and longer-term
variability (Krokos et al., 2019). For example, the Red Sea is
influenced by the Atlantic Multidecadal Oscillation (AMO) and
higher warming trends coincide with the positive phase of this
oscillation, and thus the SST trend is amplified (Krokos et al.,
2019). Alawad et al. (2020) supported this notion and revealed
that current warming for the Red Sea is largely amplified by the
overlap of warming signals between the AMO and the Silk Road
Pattern (SRP) in the non-uniform warming trends over the Red
Sea basin, and thus might in fact decrease over the next few
decades. Although it should be noted that Mann et al. (2020) did
not support the presence of an internally generated multidecadal
oscillatory signal in the last millennium. Second, the assumption
of a linear trend to project future warming of thermal projection
over time is unreliable as the warming rates will be intrinsically
linked to many climatic and oceanographic processes that
themselves can change the warming cycle (and hence the
nature of the trend) in the future (Jonko, 2015).

Our results using LSE and TSE approaches were consistent
with prior studies of greater warming trends for the northern
region (0.18-0.4°C decade™) compared to the central and
southern regions (0.15-0.25°C decade™) during the last four
decades. However, these approaches suggest SST for the
northern region will increase by 3°C by 2060 contradicting our
CMIP5 predictions whereby SST will increase by a maximum of
3°C for the Red Sea by 2100 (and with the northern region
experiencing lower warming trends under all RCP scenarios)
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(Figure 6). Krokos et al. (2019) predict that the Atlantic
Multidecadal Oscillation will shift from a positive to a negative
phase during the next decades, and thus, SST along the Red Sea
may shift into a cooling phase. Such a shift would appear
consistent with our CMIP5 predictions where the Red Sea will
experience a slight cooling (or stable trend) phase under the
optimistic RCP2.6 scenario. Overall, we argue that the highly
reported prior warming trends for the northern Red Sea are
likely overestimated, and more complex models need to be
implemented to accurately forecast the warming trends over
the Red Sea.

Using the output of CMIP5 models (i.e., the ensemble means
of 25 experiments) predicted that the Red Sea would be subject
to ~3°C warming a most by 2100, and where the northern region
will experience ~2-2.5°C warming. Such projections are
consistent with the previous estimation of thermal projections
(3.3 £> 0.6°C) for the entire Red Sea basin by 2100 under
RCP8.5, but only 8 CMIP5 ensemble models were used (Agulles
et al, 2021). Whilst warming scenarios of RCP8.5 draw an
extremely bleak future for planet Earth, it provides a window
of hope for corals in the Red Sea assuming the bleaching
threshold in the region is 32°C. The northern region currently
experiences low ambient temperature (summer mean, 25-28°C)
predicted to be 28-31°C in 2100, and hence, still below the
proposed thermal threshold (32°C) and assuming no
catastrophic heatwaves during this period. Such an outcome
contrasts with the previous assumption that the warming rates
for the northern region are higher than the global average and
may no longer retain corals refugia. Previous predictions suggest
that the global area of thermal refugia will decline from 84% in
the present-day climate to 0.2% at 1.5°C, and to 0% at 2.0°C of
global warming (Dixon et al., 2022). We argue here that corals in
the northern region do not follow the classical threshold that is
used in such predictions, and the northern region of the Red Sea
may be exceptional as one of the last standing corals refugia in
the future.

Conclusion

Our study examines whether corals along the Red Sea have a
similar threshold (32°C) despite the variation in their local ambient
temperature. We used remote sensing SST data (1982-2020) to
manually adjust the bleaching thresholds to 30, 31, or 32°C to test
this hypothesis. We observed that DHWSs were reduced for the
northern region after using the 32°C-adjusted threshold - but not
for the central and southern regions — and aligned with historical
spatial bleaching patterns along the Red Sea. We suggest that corals
in the northern Red Sea region remain below their thermal
maxima and require higher thermal stress to trigger bleaching,
highlighting that the northern region serves as refugia for corals
even under extreme climate projections. It is noteworthy that the
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actual temperature that triggers in situ bleaching has yet to be
experimentally determined. Further CMIP5 experimental outputs
were used to predict Red Sea warming trends. We predict that SSTs
will increase by 3°C maximum under the worst scenario (RCP8.5)
by 2100, but where the northern region will warm 0.2-0.5°C less
than compared to the central and southern regions. As a result, the
northern region could represent an exceptional refuge for corals
from climate change, and thus essential to prioritize conservation
and management efforts for the wider Red Sea regions.
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