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Abstract Global warming is causing an unprecedented
loss of species and habitats worldwide. This is particularly
apparent for tropical coral reefs, with an increasing number
of reefs experiencing mass bleaching and mortality on an
annual basis. As such, there is a growing need for a stan-
dardized experimental approach to rapidly assess the
thermal limits of corals and predict the survival of coral
species across reefs and regions. Using a portable experi-
mental system, the Coral Bleaching Automated Stress
System (CBASS), we conducted standardized 18 h acute
thermal stress assays to quantitively determine the upper
thermal limits of four coral species across the length of the
Red Sea coastline, from the Gulf of Aqaba (GoA) to Dji-
bouti (~ 2100 km). We measured dark-acclimated
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photosynthetic efficiency (F,/F,,), algal symbiont density,
chlorophyll a, and visual bleaching intensity following heat
stress. F,/F,, was the most precise response variable
assessed, advancing the F/F,, effective dose 50 (ED50,
i.e., the temperature at which 50% of the initial F /F,, is
measured) as an empirically derived proxy for thermal
tolerance. EDS50 thermal thresholds from the cen-
tral/southern Red Sea and Djibouti populations were con-
sistently higher for Acropora hemprichii, Pocillopora
verrucosa, and Stylophora pistillata (0.1-1.8 °C above
GoA corals, respectively), in line with prevailing warmer
maximum monthly means (MMMs), though were lower
than GoA corals relative to site MMMs (1.5-3.0 °C). P.
verrucosa had the lowest thresholds overall. Despite
coming from the hottest site, thresholds were lowest for
Porites lobata in the southern Red Sea, suggesting long-
term physiological damage or ongoing recovery from a
severe, prior bleaching event. Altogether, the CBASS
resolved historical, taxonomic, and possibly recent envi-
ronmental drivers of variation in coral thermal thresholds,
highlighting the potential for a standardized, short-term
thermal assay as a universal approach for assessing eco-
logical and evolutionary variation in the upper thermal
limits of corals.

Keywords Ocean warming - Red Sea - Thermal stress -
Coral thermotolerance - Standardized acute assays - Coral
Bleaching Automated Stress System (CBASS)
Introduction

Global warming is impacting natural ecosystems globally,

with tropical organisms living close to their thermal limits
considered most at risk (Vinagre et al. 2016). This has been
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extensively documented for tropical coral reefs, which
have been heavily impacted by pantropical thermal
anomalies in recent decades (Hughes et al. 2018a; Lough
et al. 2018; Skirving et al. 2019). Indeed, warming ocean
temperatures are leading to increasingly frequent and
intense bleaching events (Kleypas et al. 2021, Hughes et al.
2018a, 2019), which have resulted in unprecedented rates
of mortality for reef-building corals (Hughes et al. 2018Db).
In turn, with ocean temperatures expected to further
increase in the coming decades, projections indicate
that > 75% of the world’s coral reefs are expected to
experience annual severe bleaching before the end of the
current century, even under an intermediate scenario of
carbon emissions (RCP4.5; Hooidonk et al. 2016).

Despite extensive coral loss in most ocean basins, cer-
tain coral populations have emerged as capable of with-
standing and/or adapting to increasing seawater
temperatures (Howells et al. 2016). Most notably, corals
from highly variable thermal environments in locations
such as American Samoa (Oliver and Palumbi 2011;
Morikawa and Palumbi 2019), the Kimberleys in northern
Australia (Schoepf et al. 2015), and the central Red Sea
(Pineda et al. 2013; Voolstra et al. 2020) commonly display
higher thermal thresholds than nearby populations from
more thermally stable environments. Yet, broadening
comparisons between and beyond these regions remains
challenging, due to the differences in experimental
approaches employed (McLachlan et al. 2020) and the
location of many reefs in remote settings far from a major
research laboratory/experimental aquarium system. Thus, a
standardized and portable approach is required to accu-
rately compare thermal thresholds across studies and reefs
(Grottoli et al. 2021), and identify naturally more tolerant
populations both for conservation purposes and to inves-
tigate the drivers and mechanisms underpinning the ability
of these corals to withstand elevated temperatures (Barshis
et al. 2013; Dixon et al. 2015; Camp et al. 2018).

Here, we determine the ecological validity of the
recently-developed Coral Bleaching Automated Stress
System (CBASS) (Voolstra et al. 2020; Evensen et al.
2021), in conjunction with effective dose 50 (ED50)-based
thermal thresholds, as a standardized approach to deter-
mine the thermal limits of corals by conducting identical
short-term heat stress assays across a large spatial scale.
Specifically, we assessed the thermal thresholds of four
common coral species across six reef sites along a natural
latitudinal thermal gradient spanning the entire length of
the Red Sea, from the Gulf of Agaba (GoA) to the Gulf of
Aden outside the southern entrance to the Red Sea
(~ 2100 km overwater distance; Fig. 1). Numerous stud-
ies have investigated the thermal tolerance of corals in the
region, identifying thermally tolerant coral populations in
the northern Red Sea and GoA (Fine et al. 2013; Grottoli
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et al. 2017; Osman et al. 2018), as well as populations
being negatively impacted by warming sea surface tem-
peratures in the central Red Sea (Cantin et al. 2010).
However, assessments of the thermal limits for multiple
coral species across a scale as large as the Red Sea have yet
to be attempted within a single study, precluding the ability
for direct comparisons of thermal thresholds among sites
and coral species. We empirically test multiple hypotheses
relating to the species-specific effects of latitude (i.e.,
historical climate) and recent thermal histories (e.g.,
bleaching events) on coral thermal tolerance. We hypoth-
esize that (1) ED50-based thermal thresholds will be higher
in corals from warmer sites/latitudes (Jokiel and Brown
2004), (2) corals from the Gulf of Aqaba will display
exceptional thermal tolerance relative to their environment
(Fine et al. 2013; Osman et al. 2018), and (3) thermal
thresholds will differ between species at each site due to
differences in traits and life-history strategies (Loya et al.
2001; van Woesik et al. 2011).

Methods
Study sites and sample collection

In August 2018, replicate fragments from seven individual
adult colonies of Stylophora pistillata, Porites lobata,
Acropora hemprichii, and Pocillopora verrucosa were
collected from five sites spanning the northern Gulf of
Agaba (29°30'N) to the southern Red Sea (18°59'N).
Additionally, corals were sampled from a reef near Obock,
Djibouti (12°43'N), at the edge of the Indian Ocean and
mouth of the Red Sea in February 2020 (Fig. 1; Table S1).
The site selection reflects a natural latitudinal gradient of
seawater temperatures (Berumen et al. 2019), based on
satellite measurements of the daily sea surface temperature
taken by the National Oceanic and Atmospheric Admin-
istration (NOAA) since 1985 (henceforth referred to as
‘NOAA climatology’; Liu et al. 2014). NOAA climatology
indicates a consistent North to South increase in maximum
monthly mean (MMM) sea surface temperature within the
Red Sea, before decreasing again upon reaching the
southernmost Gulf of Aden (Fig. 1). There was one local-
scale exception to the pattern of increasing temperature,
however, with the second northernmost site, Al Wajh,
displaying a slightly higher MMM (30.0 °C) than the next
site further South, Yanbu (29.7 °C), likely due to increased
water residence time in a nearby shallow lagoon (Fig. 1,
inset). Additional details of the sample collection at each
site and experimental logistics are in the supplementary
material.
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Fig. 1 Map of the Red Sea and Gulf of Aden showing the research
sites and their respective maximum monthly mean (MMM) sea
surface temperatures. Temperatures are based on the NOAA Coral
Reef Watch climatology data (Liu et al. 2014). Regions of the study

38 40

Longitude (E)

42

44

46

area are indicated in italics, with Al Wajh, Yanbu, and Al Fahal all
located within the Central Red Sea. Specific GPS coordinates for each

site are in Table S1
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Short-term heat stress assays (CBASS)

We used the Coral Bleaching Automated Stress System
(CBASS) to conduct identical, short-term heat stress assays
(Voolstra et al. 2020; Evensen et al. 2021). The system
consisted of eight 10-L flow-through tanks that allowed
running four independent temperature profiles and two
replicate tanks per temperature treatment (4 tempera-
tures x 2 replicated tanks). Full technical details of the
CBASS are in the supplementary material. CBASS acute
thermal stress assays were designed to capture the full
biological stress response of corals, with temperature pro-
files spanning little to no heat stress (30 °C baseline tem-
perature, based on average maximum monthly mean
temperatures [MMM] across sites) and mild (33 °C),
moderate (36 °C), and extreme (39 °C) heat stress. Col-
lected coral fragments from all seven colonies of each
species at each location were distributed over eight flow-
through tanks, which included two replicate tanks per
temperature treatment. Thus, fragments from each colony
were in each treatment condition and replicate tank to
make a total of 56 fragments/species per site (7 colo-
nies x 4 temperatures x 2 replicate tanks). For most sites,
two species were run the first day at a particular site and the
other two species were run the following day (56 frag-
ments x 2 species = 112 fragments/experiment). Frag-
ments (micro-cores for P. lobata and branch tips for the
other species) were positioned upright in the tanks and
secured in place using plastic grids (‘egg crate’) at the
bottom of the tanks. The experiments started at 13:00 h at a
control temperature of 30 °C. The control tank remained at
30 °C and the treatment tanks were heated to 33 °C, 36 °C,
and 39 °C over a period of 3 h (13:00-16:00), held for 3 h
at the maximum temperature (16:00-19:00), and then
decreased back to 30 °C over the course of 1h
(19:00-20:00). All corals were kept at 30 °C overnight
until sampling the following morning (07:00), completing
the 18 h short-term heat stress assay (Fig. S1). Temperature
profiles were successfully controlled across experiments,
with hold temperatures averaging 30.5 °C, 33.2 °C,
36.0 °C, and 39.1 °C across all experiments for the tar-
geted hold temperatures of 30 °C, 33 °C, 36 °C, and
39 °C, respectively (full summary of hold temperatures in
Table S2).

Physiological measurements

For measurements of dark-acclimated photosynthetic effi-
ciency, experimental tanks were covered with a tarp at
19:00 to ensure complete darkness for at least 45 min
before measuring dark-acclimated photosynthetic effi-
ciency (F,/F,,) of photosystem II (PSII) on all coral frag-
ments. F,/F,, measurements were conducted using a diving
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PAM (Pulse Amplitude Modulated; Walz, Effeltrich,
Germany) fluorometer in Al Wajh, Yanbu, Al Fahal, and
Al Qunfudhah (settings: MI: 3, Gain: 6, DAMP: 2, SI: §,
SW: 0.8 s) and an imaging PAM in Eilat and Obock (set-
tings: MI: 1, Gain: 2, DAMP: 2, SI: 10, SW: 0.8 s). Set-
tings for both PAM instruments were adjusted prior to the
experimental measurements to produce initial fluorescence
readings of ~ 200-500 Ft, as per the manufacturer’s rec-
ommendations. F,/F,, describes the maximum potential
capacity of PSII to capture light energy for photosynthesis
if all capable reaction centers were open, which can serve
as an indicator of algal symbiont performance in response
to temperature changes (Schoepf et al. 2015; Jurriaans and
Hoogenboom 2019; Evensen et al. 2021) and severity of
coral bleaching (Warner et al. 1999).

At the end of the experiments, all coral fragments were
photographed (Nikon 1 J1 with a 10-30 mm VR Lens,
Tokyo, Japan) with a monochromatic grayscale reference
(Kodak grayscale), before being snap-frozen in liquid
nitrogen and stored at — 80 °C until further processing.
Pictures were color-corrected (sensu Winters et al. 2009)
and used to conduct visual bleaching assessments (sensu
Morikawa and Palumbi 2019), with fragments classified in
one of six categories: 0% bleached, 20% bleached, 40%
bleached, 60% bleached, 80% bleached, or 100% bleached.
Categories represent the extent of bleaching across the
entire fragment (Fig. S2). Three people scored bleaching
independently for each fragment and the median category
was used for the statistical analysis.

For the destructive physiological measurements, all
coral tissue was sprayed off from the frozen corals using
airflow from a sterile 1000 pl pipet tip connected via a
rubber hose to a benchtop air pressure valve and ice-cold
0.2 um filtered seawater (FSW). Subsequently, tissue
slurry was homogenized using a MicroDisTec homoge-
nizer 125 (Thermo Fisher Scientific, Waltham, MA, USA)
with 200 pl aliquoted for Symbiodiniaceae cell counts
(LaJeunesse et al. 2018) and 100 pl aliquoted for chloro-
phyll (chl) concentrations each stored at — 20 °C. Details of
symbiont density and chl a measurements are in the sup-
plementary material. Remaining coral skeletons were
retained for surface area determination using the paraffin
wax dipping method of Stimson and Kinzie (1991) as
modified by Holmes et al. (2008), with physiological
measurements then normalized to coral surface arca (cmz).

Statistical analyses

All statistical analyses and data plotting were conducted in
R v. 3.6.1 (R Core Team 2018), with figures plotted using
‘ggplot2’ (Wickham 2016). In order to quantitatively
compare thermal thresholds between coral populations,
measurements of F,/F,, and visual bleaching assessments
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were fitted with log-logistic dose-response curves (DRCs)
using the package ‘drc’ (Ritz et al. 2015), with DRC:s fit for
each individual colony based on both replicates (using the
three-parameter log-logistic model; LL.3). This approach
incorporated both variances due to the experimental
approach and biological variance from the responses of
individual colonies from each site. From these, the ED50
parameter (effective dose 50) was obtained for each col-
ony, representing the x-values at the inflection point of the
curve (in this case the temperature) where F,/F,, or visual
bleaching in the model fit was 50% lower than the starting
values. Importantly, individual ED50s were calculated for
each colony at each site, allowing for statistical comparison
of thermal thresholds among sites that included within-
species and within-site biological variability. In turn,
maximum monthly mean (MMM) sea surface temperatures
for each site were obtained from custom queries of the
5 km NOAA Coral Reef Watch database (Liu et al. 2014)
and subtracted from the thermal thresholds (i.e., ED50s) to
produce a thermal threshold relative to local conditions.
Both absolute and relative thresholds were compared
among sites for each species individually, as not all sites
contained all species, using one-way ANOVAs. Addition-
ally, relative thresholds were compared among sites using a
generalized linear mixed-effects model (GLMM), with
species included as a random effect.

Measurements of algal symbiont density and chl a
across the temperature treatments were compared among
sites for each species using GLMMs to evaluate differences
in degree of bleaching. Temperature and site were included
as fixed effects, with genotype nested within site and
replicate nested within temperature included as random
effects. Due to issues with temperature control during the
overnight portion of certain experimental assays or a lack
of analytical equipment, measurements of symbiont density
and chl a were not conducted for S. pistillata and P. lobata
in Al Wajh (technical issues), A. hemprichii and P. ver-
rucosa in Al Fahal (technical issues), and the three species
sampled in Obock (lack of analytical equipment). Issues
with the overnight control did not affect F\,/F,, measure-
ments as these were conducted before the overnight hold,
thus only symbiont density and chl a measurements were
omitted for those experiments. GLMMs were performed
using the ‘aov’ function in R (R Core Team 2018) and
posthoc comparisons were conducted using ‘emmeans’
(Lenth et al. 2020). For all models, distributions of the
residuals were plotted to ensure normality, and residuals
were plotted against fitted values to confirm homoscedas-
ticity. Alternatively, data were log-transformed to meet
these assumptions.

Results

Using the F,/F,, ED50 thermal threshold to uncover
drivers of coral thermal tolerance across the Red
Sea

S. pistillata displayed a North to South gradient of
increasing ED50 thermal thresholds within the Red Sea,
though values were lower in Obock than sites in the central
Red Sea (Fig. 2, Fig. S6a). Thresholds were lowest in Eilat
(34.7 °C £ 0.21; mean =+ SEEM., n=7), followed by
Obock (35.5 °C + 0.18), compared to the three sites in the
central Red Sea (p < 0.03). In turn, thresholds were lower
in Al Wah (36.5°C +£0.20)0 than Al Fahal
(37.2 °C £ 0.11; p < 0.05; Table S3). For P. lobata, F,/F,,
thermal thresholds were lowest at the warmest site, Al
Qunfudhah (35.7 °C £ 0.11; Fig. 2), compared to all other
sites (p < 0.01), except Yanbu (36.5 °C £ 0.25; p = 0.08).
Thermal thresholds for A. hemprichii were lowest in Yanbu
(36.6 °C % 0.08) compared to all other sites (p < 0.01;
Fig. 2) and lower in Eilat (37.1 °C %+ 0.08) compared to Al
Fahal (37.7 °C £ 0.10). Lastly, thermal thresholds for P.
verrucosa increased with increasing local MMMs across
sites (Fig. S6b), with lower thresholds in Eilat
(35.2 °C % 0.20) compared to Al Wajh (36.3 °C + 0.15)
and Obock (36.7 °C £ 0.11; p < 0.03), with no differ-
ences among the other sites (p > 0.11; Fig. 2).

Visual bleaching as a low-cost, but less precise,
approach to determine thermal thresholds

Calculating ED50 thermal thresholds based on visual
assessments of bleaching as a low-cost alternative to
measurements of F,/F,, produced a similar, though less
precise outcome. Thermal thresholds determined by visual
bleaching for S. pistillata were lower in Eilat
(32.4 °C £ 1.97), compared to Obock (36.4 °C £ 0.46)
and Al Fahal (39.3 °C £ 0.67; p < 0.05). In turn, thresh-
olds for Al Fahal were significantly higher than Eilat, Al
Wajh (35.3 °C £ 0.20), and Yanbu (35.1 °C £ 0.40;
p < 0.05; Fig. S3, Table S3). For P. lobata, visual
bleaching thermal thresholds were lower in Al Wajh
(343 °C £ 1.19) than Al Fahal (39.1 °C £ 0.17;
p < 0.01) but did not differ significantly between any other
sites (p > 0.08; Fig. S3). Log-logistic curves could not be
fitted for three colonies from Al Qunfudhah and one colony
from Al Fahal, and thus were not included in the analysis.
There were no differences between sites for A. hemprichii
using visual bleaching thresholds (p > 0.35; Fig. S3),
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Fig. 2 Thermal tolerances of four coral species across the Red Sea
and Gulf of Aden. Three-parameter log-logistic dose-response curves
were fitted to F,/F,, measurements in response to temperature for
each coral species across the study sites, which are plotted with 95%
confidence intervals. Vertical lines indicate the mean effective dose
50 (ED50) for each population, with the standard error indicated by

though log-logistic curves could not be fitted for Eilat due
to low visual bleaching scores across all temperatures.
Lastly, for P. verrucosa, visual bleaching thresholds also
were lowest in FEilat (32.9 °C £ 1.34), compared to Al
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Temperature (°C)

the shaded regions based on individual curve fits and ED50s for each
colony within each population (each n = 7) to provide an accurate
representation of intraspecific biological variability at each site.
Letters in the bottom-left corner of the panels represent statistical
differences between sites based on Tukey’s post hoc comparisons

Wajh (36.4 °C £ 0.26), Obock (36.0 °C £ 0.26) and Al
Fahal (36.2 °C £ 0.48; p < 0.03). A log-logistic curve
could not be fitted for one colony from Al Fahal and was
not included in the analysis.
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Measurements of algal symbiont density
and chlorophyll a metrics in response to acute
thermal stress

Traditional metrics of coral bleaching, i.e., symbiont den-
sities and chl a content (McLachlan et al. 2020), were
measured at the end of the 18 h assays. For S. pistillata,
there was an interactive effect of temperature x site on
symbiont densities (p < 0.01; Fig. S4, Table S4), with
densities consistent across sites until 39 °C, where densi-
ties were 65-93% lower in Eilat than Yanbu and Al Fahal.
For chl a (g cm™?), there also was an interactive effect of
temperature x site (p < 0.01; Fig. S5), with chl a lower in
Eilat than Yanbu across all temperatures (p < 0.01) and
lower than Al Fahal at 33 and 39 °C. In turn, chl a was
lower in Al Fahal than Yanbu at 30 °C (p < 0.01).

For P. lobata, symbiont densities and chl a differed
between site (p < 0.01) and temperature treatment
(p < 0.01), but not the interaction between the two (p
> 0.33). Symbiont densities were lower in Yanbu than Al
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Fig. 3 Thermal thresholds (ED50s) relative to maximum monthly
mean (MMM) sea surface temperatures a comparing sites, grouping
by species, and b comparing species, grouping by site (mean =+
S.E.M.; n = 7). Points represent individual ED50s for each colony.
Letters indicate significant differences between: a, sites within

Fahal and Al Qunfudhah (p < 0.05; Fig. S4), while chl a
was higher in Al Fahal than Yanbu (p < 0.01).

For A. hemprichii, there was an interactive effect of
temperature X site on symbiont densities (p < 0.01), with
densities in Eilat consistently lower than Al Wajh and
Yanbu across all temperature treatments (Fig. S4). In turn,
symbiont densities were lower in Yanbu than Al Wajh in
all but the 36 °C treatment (p < 0.01). Chl a was affected
by site (p < 0.01) and temperature treatment (p < 0.01),
but not the interaction between the two (p = 0.09), with chl
a 72% lower in Eilat than Al Wajh and Yanbu (p < 0.01;
Fig. S5).

Lastly, there was an interactive effect of tempera-
ture x site (p < 0.01) on both symbiont densities and chl a
for P. verrucosa (p < 0.01). Symbiont densities were 86%
lower in Eilat than Yanbu and Al Wajh at all temperatures
but 39 °C (Fig. S4), while chl a was 93% lower in Eilat
than Al Wajh across all temperatures (p < 0.01; Fig. S5)
and lower than Yanbu at all temperatures but 39 °C
(p < 0.01). In turn, chl a was 59% higher in Al Wajh than
Yanbu at 36 °C (p < 0.01).

(b) Species
[B] S. pistiliata
[e] P. lobata
ﬁ A. hemprichii
+10.0 b P. verrucosa
a
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Eilat Al Wajh Yanbu Al Fahal Al Qunfudhah Obock
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species, or b, species within site based on Tukey’s HSD posthoc
comparisons, alternating between lower- and upper-case letters for
clarity. MMMs for each site are based on NOAA climatology data
(Liu et al. 2014)
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Eilat Al Wajh Yanbu

S. pistillata

P. lobata

P. verrucosa

Fig. 4 Heatmap of coral species thermal tolerance ranking at each
site, and the average across sites, based on F, /F,, ED50s (4/
purple = highest thermal tolerance, 1/light gray = lowest thermal

Higher thresholds for corals from the Gulf of Aqaba
relative to local thermal environment

Thresholds relative to local conditions (i.e., the MMM at
each site) were affected by an interaction of sites x species
(p < 0.01; Table S5). Relative thresholds were highest in
Eilat for the three coral species sampled, compared to other
sites (p < 0.05; Fig. 3a). In the central Red Sea (Al Wajh,
Yanbu, and Al Fahal), thresholds relative to local condi-
tions, or ‘relative thresholds’, were consistent across all
species (Fig. 3a), with no differences in relative thresholds
among these sites for S. pistillata, P. lobata, and A. hem-
prichii. Relative thresholds for P. verrucosa were lower in
Al Fahal compared to Al Wajh and Yanbu (p < 0.05;
Fig. 3a). Lastly, relative thresholds for P. lobata sampled
in Al Qunfudhah were lower than all other sites (p < 0.01;
Fig. 3a).

Comparing relative thresholds within sites indicated
lower thresholds for P. verrucosa compared to other spe-
cies in Yanbu and Al Fahal (p < 0.03; Fig. 3b), though
there was no significant difference between P. verrucosa
and P. lobata in Yanbu (p = 0.08). Relative thresholds
were lower compared to the other species for S. pistillata
and P. verrucosa in Eilat and Al Wajh (p < 0.01), though
differences with P. lobata in Al Wajh were not significant
(p = 0.07). In Obock, relative thresholds were lower for S.
pistillata compared to P. verrucosa and P. lobata
(p < 0.01). On average, P. verrucosa ranked last of the
four study species across sites (thermal tolerance ranking
of 1.8 out of 4), ranking last in Al Wajh, Yanbu, and Al
Fahal based on the mean F,/F,, ED50 for each coral pop-
ulation (Fig. 4). Conversely, A. hemprichii was the highest-
ranked species on average (thermal tolerance ranking of
3.75 out of 4) and was the highest-ranked species in Eilat,
Al Wajh, and Al Fahal.
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tolerance). Dark gray squares indicate locations where corals were not
sampled. No ranking was produced for Al Qunfudhah as only one
species was sampled at that site

Discussion

Evidence of increasing thermal thresholds
with increasing maximum monthly mean seawater
temperatures

The present study empirically determined the thermal
thresholds of four coral species from six sites across the
length of the Red Sea using CBASS standardized, acute
thermal stress assays. Thermal thresholds, as determined by
ED50s, consistently increased with decreasing latitude
within the Red Sea (i.e., higher MMMs) across two of the
four study species (Stylophora pistillata and Pocillopora
verrucosa; Fig. S6) and partially for Porites lobata (ex-
cepting some population-specific outliers), providing sup-
port for the generalised notion of local adaptation of
bleaching limits and thermal thresholds to local seawater
temperatures (Jokiel and Brown 2004). Importantly, though
a widely accepted notion, this theory has rarely been
empirically tested across multiple species and populations
within the same study (though see Ulstrup et al. 2006;
Jurriaans and Hoogenboom 2019). Here, we conducted
standardized multi-species thermal challenges on location
at each site to determine ecologically relevant differences
in thermal limits across coral populations throughout the
Red Sea and Gulf of Aden using acute thermal assays and
the F,/F,, ED50 (Voolstra et al. 2020; Evensen et al. 2021).
Still, inconsistent patterns of thermal thresholds for some
species, such as P. lobata, highlight the complexities of
determining consistent drivers of stress resilience across
sites and species.

Based on the F,/F,, ED50, thermal thresholds were
lowest in Eilat, the northernmost and coldest site, for S.
pistillata (34.72 °C) and P. verrucosa (35.15 °C), while
thresholds were highest at the warmest study site for A.
hemprichi, Al Fahal (37.70 °C; Fig. 2). S. pistillata dis-
played the greatest range (2.5 °C difference) and clearest
latitudinal North to South increase in thermal thresholds
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across the study sites. However, thermal thresholds for S.
pistillata in Obock, Djibouti were lower than the three sites
in the central/southern Red Sea, despite having a higher
MMM (Fig. 1). Larval dispersal models have indicated that
coral larvae released in the straits of Bab el Mandeb, near
Obock, undergo a northward dispersal through a putative
thermal barrier in the southern Red Sea, where MMMs can
exceed 32 °C (Fig. 1), thereby selecting for thermally tol-
erant corals (Fine et al. 2013). Thus, the higher thresholds
for S. pistillata populations in the central Red Sea com-
pared to Obock may be a consequence of this thermal
selection (Voolstra et al. 2021a; Osman et al. 2018).
Additionally, the life history traits of S. pistillata may
reflect why this species exhibited clearer latitudinal struc-
ture in thermal tolerance than the other species. As a
brooder, S. pistillata larvae inherit symbionts from the
parents (Rinkevich and Loya 1979) and do not disperse as
far as spawners (Ayre and Hughes 2000), which, when
combined with shorter generation times than long-lived
species such as P. lobata (Harrison and Wallace 1990),
could allow for faster acclimation/adaptation of this species
to local conditions at each site (Neave et al. 2017).
Assessment of additional S. pistillata populations in the
southern Red Sea would be interesting to perform (if
populations of live coral could be found; see below) to test
the potential for thermal selection of recruits from outside
the Bab el Mandeb.

Another potential explanation for the lower thermal
thresholds for corals from Obock is that these corals were
sampled and investigated in February (winter), compared
to August (summer) for the other sites. As such, sea surface
temperatures (SSTs) were ~ 26.6 °C at the time of the
experiments, ~ 4 °C below the local MMM. Conversely,
temperatures at the other five sites ranged from 28.2 to
32.1 °C at the time of the experiments, on average 0.82 °C
below the local MMMs. Indeed, corals can display
bleaching thresholds up to 1 °C lower in the winter com-
pared to summer phenotypes (Berkelmans and Willis
1999), although F,/F,, ED50 thermal thresholds assessed in
a previous study in the winter (February) for S. pistillata
corals from Eilat were similar to those reported herein
(34.5 °C in the winter versus 34.7 °C in the summer;
Evensen et al. 2021); despite seawater temperatures being
22 °C at the time of collection. Thus, the lower thresholds
for Obock are likely only partially due to seasonality
effects.

Putative long-term effects of bleaching/incomplete
recovery in the southern Red Sea

While latitudinal patterns were less obvious for the other
three species compared to S. pistillata, thermal thresholds
relative to local MMMs generally were consistent across

sites, with higher thermal thresholds at sites in the central
and southern Red Sea. However, corals from the warmest
site in the southern Red Sea, Al Qunfudhah in the Farasan
Banks, presented a notable exception. Only one of the four
species, P. lobata, was sufficiently abundant to sample in
the shallows (< 10 m) at Al Qunfudhah, with the sampled
population exhibiting the lowest absolute thermal threshold
across all P. lobata populations (35.7 °C), despite origi-
nating from the warmest site. In fact, this P. lobata pop-
ulation exhibited the lowest thermal threshold relative to
local conditions across all sites and species. Coral popu-
lations in this area were strongly impacted by a recent
bleaching event in 2015 (Osman et al. 2018), caused by a
combination of high temperatures and nutrients (DeCarlo
et al. 2020), that resulted in a 44% decrease in coral cover
in the region (Monroe et al. 2018; Anton et al. 2020).
Indeed, even stress-resistant corals, such as P. lobata, are
being pushed beyond their thermal limits, resulting in
reduced physiological performance when exposed to
repeated heat stress (Klepac and Barshis 2020). Our results
support previous indications that corals from sites in the
central/southern Red Sea suffered considerable bleaching
during marine heatwaves in 2015 (Monroe et al. 2018;
Osman et al. 2018; Anton et al. 2020). As such, if the
sampled P. lobata colonies from Al Qunfudhah were also
affected by these heatwaves, these colonies could still be
suffering long-term physiological impacts of the event and/
or have been impacted by recurrent thermal stress since. In
turn, our inability to collect sufficient replicates of the other
species at this site (i.e., a potential lack of remaining spe-
cies diversity) suggests that corals in this region may be
struggling to persist under the rapid warming of the Red
Sea (Cantin et al. 2010; Raitsos et al. 2011).

High relative, but not absolute, thresholds in Gulf
of Aqaba corals

In the northern Red Sea, corals in Eilat displayed excep-
tionally high tolerances relative to their environment.
Despite 2.7-4.6 °C  lower MMM temperatures in
Eilat compared to the other study sites, thermal thresholds
for corals in Eilat were only 0—1.4 °C lower than the other
sites, resembling results found previously using CBASS
(Voolstra et al. 2021a). As a result, thresholds relative to
the MMM were highest for the three coral species studied
in Eilat (Fig. 3a). These results support previous findings
that corals from the northern Red Sea are capable of tol-
erating temperatures well above those experienced in the
GoA, possibly through physiological trade-offs in which
energy reserves and biomass are maintained during thermal
stress in exchange for reduced calcification rates (Grottoli
et al. 2017). The higher thermal tolerance is presumed to be
due to prior migration through the much warmer waters in
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the southern Red Sea before reaching the region (Fine et al.
2013; Osman et al. 2018), with higher thermal tolerances
for corals in the region retained via historical selection and/
or continued larval supply from more thermally tolerant
individuals further South. In turn, the presence of geneti-
cally distinct Symbiodiniaceae and differences in microbial
assembly likely also contribute to overall stress resilience
for corals in the region (Neave et al. 2017; Hume et al.
2020; Osman et al. 2020; Voolstra et al. 2020, 2021a;
Savary et al. 2021).

An important nuance to previous studies exposing this
phenomenon, however, is that the absolute thresholds
herein were lower in Eilat than the other sites (also see
Voolstra et al. 2021a), indicating that these corals could be
losing thermal tolerance over evolutionary time by accli-
mating to the cooler climate in the GoA, or simply repre-
sent a distinct population altogether. The latter is supported
by a recent study that used a transcriptome-wide single
nucleotide polymorphism (SNP) analysis to show that GoA
and central Red Sea Stylophora pistillata represent clearly
distinct lineages, though the pattern was not resolved
unambiguously (Voolstra et al. 2021a) and GoA S. pistil-
lata are from the same genetic sub-clade as central Red Sea
populations (Malik et al. 2021). The lower absolute
thresholds for GoA corals provide further rationale for a
standardized approach to determining thermal thresholds in
corals, ideally in combination with accompanying popu-
lation genetic data, as most comparisons of tolerance
between regions to date are relative to local conditions (i.e.,
based on MMMs). This can be misleading for conservation
and restoration efforts across large spatial scales and the
identification of true °‘super’ corals and coral refugia
(Voolstra et al. 2021b; Cacciapaglia and Woesik 2015;
Camp et al. 2018).

Species-specific responses of corals to acute thermal
stress

Beyond regional comparisons, our approach allowed for
direct comparisons of thermal sensitivities across species
within the studied reefs to compare to in situ bleaching
observations of these four coral genera. To date, the
common approach of determining bleaching thresholds
using degree-heating weeks (DHWs) yields a single
threshold (1 °C above the local MMM) for all species
across large areas of reef (5 km resolution; Liu et al. 2014),
yet there is extensive evidence that coral species within
sites exhibit different responses and tolerances to thermal
stress (Loya et al. 2001; van Woesik et al. 2011; Pineda
et al. 2013; Hughes et al. 2017; Voolstra et al. 2020).
Consistent with previous in situ bleaching observations
highlighting the sensitivity of the genus Pocillopora to
thermal stress (Marshall and Baird 2000; Loya et al. 2001),
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P. verrucosa had the lowest thresholds of the four species,
ranking last at the three central Red Sea sites where all
coral species were sampled (Fig. 4). Conversely, and sur-
prisingly, A. hemprichii displayed the highest overall
thresholds among the four species sampled and was only
outperformed at Yanbu by S. pistillata. Reports of the
sensitivity of Acropora to thermal stress are mixed (Mar-
shall and Baird 2000; Loya et al. 2001; Hughes et al. 2017;
Dalton et al. 2020), which may be a reflection of the high
diversity of species and morphologies within this genus
(Baird and Marshall 2002; Hughes et al. 2017) or be due to
contrasting responses of this genus to thermal stress events
of different intensities and durations. Still, while Acropora
may not always be susceptible to bleaching, this genus
typically experiences considerable mortality and struggles
to re-establish itself following bleaching events (Baird and
Marshall 2002; Burt et al. 2011). Thus, it becomes
important to consider differences between thermal stress
response and post-stress resilience in future experimental
designs (Savary et al. 2021).

A closer look at the shape of the F,/F,, ED50 dose—
response curves for A. hemprichii may offer insight into the
disassociation between prior reports of bleaching suscep-
tibility and mortality. A. hemprichii corals experienced
little decrease in F,/F,, up to 36 °C, before decreasing
sharply at 39 °C, indicating high initial tolerance to acute
thermal stress, but a high susceptibility past a certain
threshold. In turn, while P. lobata may have been mar-
ginally outperformed by A. hemprichii at the sites where
both species were present, it was the only species
remaining in abundance at the warmest assayed site in the
southern Red Sea. Similarly, in the nearby Persian/Arabian
Gulf, extreme bleaching at some sites has resulted in low
species diversity, with the genus Porites dominating (88%
of coral cover) the post-bleaching community (Burt et al.
2011). Thus, while P. lobata may be sensitive to bleaching
and acute thermal stress, this species does not typically
suffer from high rates of mortality (Marshall and Baird
2000; Baird and Marshall 2002) and can display remark-
able persistence and recovery from thermal stress events
(van Woesik et al. 2011). Indeed, response patterns of
corals to acute thermal assays may not necessarily accu-
rately reflect patterns of recovery and long-term survival,
with differences in tissue thickness, energy reserves, and
associated symbiont and microbial communities among a
myriad of traits that can influence both the stress response
and recovery potential of corals (Ziegler et al. 2017, 2019).
As such, understanding how species-specific thermal tol-
erances to acute thermal stress and bleaching susceptibility
interact with survival and long-term population dynamics
is crucial to predicting the response of coral communities
to global warming.
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The F,/F,, ED50 and acute stress assays
as a standardized approach to diagnose coral
bleaching susceptibility

Our standardized approach, combining acute thermal
assays and non-destructive measurements of photosyn-
thetic efficiency (F,/F,,) in a portable experimental system,
the CBASS, resolved multiple putative drivers of variation
in coral thermal tolerances, including historical/latitudinal
climate, possible remnant impacts of recent thermal stress
events, and species-specific response patterns. The study
focused on F,/F,, as a key response variable, with previous
evidence that this metric can serve as a proxy for holobiont
performance in response to both acute and chronic thermal
exposures (Voolstra et al. 2020; Evensen et al. 2021) and
resolve historical differences in bleaching susceptibility
between conspecific corals from inshore and offshore sides
of the same reef (Voolstra et al. 2020). Declines in F,/F,,
are expected to occur rapidly at the onset of heating as
photosystem light-harvesting complexes are highly sensi-
tive to thermal damage, with tolerance of the symbionts to
heat stress putatively representative of coral bleaching
susceptibility (Warner et al. 1999). Conversely, common
bleaching metrics, such as symbiont densities and chl a, are
integrative responses that follow a suite of cellular path-
ways (Weis 2008), and thus, reaction to acute thermal
stress may not be as clear or immediate and may be less
suited for acute thermal assays. This is further supported by
recent work demonstrating that the effects of heat stress
manifest long before differences in symbiont densities or
chl a are apparent (Réddecker et al. 2021). Site-specific
differences in thermal tolerance were resolved using visual
bleaching assessments for S. pistillata, though at a coarser
resolution than F,/F,, (Fig. S3), corroborating the useful-
ness of F\/F,, measurements as a representative proxy of
bleaching susceptibility (Voolstra et al. 2020). Nonethe-
less, further research is necessary to resolve how differ-
ences between measurements of F,/F,, chl a, symbiont
densities, and visual bleaching relate to differences in coral
thermal thresholds in situ and improve the use of acute
thermal assays as a diagnostic tool to assess the natural
bleaching susceptibility of corals (Voolstra et al. 2021b).
In addition to resolving how different physiological
variables respond to acute thermal stress, it is crucial to
determine how the observed responses to acute thermal
stress relate to population- and species-specific bleaching
thresholds and susceptibilities in response to natural ther-
mal stress events as well as long-term recovery and sur-
vival. Indeed, the thermal thresholds determined herein
should not be considered as absolute measures or values,
but rather as standardized and rapid diagnostic proxies for
ecological and evolutionary variation in thermotolerance
of reef-building corals that may also be indicative of

longer-term thermal stress resilience (Voolstra et al. 2020;
Evensen et al. 2021). Moreover, the thresholds should be
considered context-dependent values for each colony or
population, as differing light intensities, nutrient concen-
trations, and many other factors can influence the physio-
logical responses and bleaching susceptibility of corals to
thermal stress (Warner et al. 1999; DeCarlo et al. 2020;
Suggett and Smith 2020). Lastly, an additional considera-
tion for future studies using this approach will be the
appropriate selection of baseline and experimental tem-
perature treatments. Although similar F,/F,, ED50s were
produced for S. pistillata in Eilat herein using 30 °C as a
baseline temperature compared to a previous study using
the local MMM (27 °C) as a baseline temperature (34.7 vs.
34.5 °C, respectively; Evensen et al. 2021), using site-
specific baseline temperatures that match site MMMs (e.g.,
27 °C for Eilat vs. 30 °C for Al Wajh) is likely best
practice for future studies where the range of MMMs may
exceed that of sites from the present study.

Overall, much like a cardiac stress test to diagnose
potential for coronary artery disease in humans (Gianrossi
et al. 1989), our results demonstrate that standardized
short-term thermal stress assays can be used to determine
and compare relative thermotolerances of corals across
broad taxonomic and spatial scales. Notably, this approach
could identify heat tolerant individuals and populations for
subsequent elucidation of the environmental drivers of and
molecular mechanisms underlying increased stress resi-
lience, as well as prioritising specific coral populations for
conservation and restoration efforts (Voolstra et al. 2021b).
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