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ABSTRACT
Standardized short-term bleaching assays resolve differences in coral
thermotolerance across microhabitat reef sites
Gabriela Perna

Coral bleaching is now the main driver of reef degradation. The common notion is that
most corals bleach and suffer mortality at just 1-2°C above their mean summer
maximum temperatures, but some species and genotypes resist or recover better than
others. Here we conducted a series of 18-hour short-term heat stress assays side-byside with a long-term heat stress experiment to assess the ability of both approaches to
resolve putative differences in coral thermotolerance and provide a measure of in situ
reef temperature thresholds. Using a suite of measures (photosynthetic performance,
coral whitening, chlorophyll a, host protein, algal symbiont counts, and algal type
association), we assessed bleaching sensitivity/resilience of Stylophora pistillata colonies
from the exposed and protected sides of a near-shore coral reef in the central Red Sea.
As suggested by the differential mortality during a previous bleaching event, coral
colonies from the protected site exhibited less impacted physiological performance in
comparison to their exposed site counterparts, and these differences were resolved
using both experimental setups. Notably, the long-term experiment provided better
resolution with regard to the different measures collected, but at the price of
portability, cost, and duration of the experiment. Variability in resilience to ocean
warming is critical to reef persistence, yet we lack standardized diagnostics to rapidly

5
assess bleaching severity or resilience across different corals and locations. Using a
newly developed portable experimental system termed CBASS (the Coral Bleaching
Automated Stress System), we demonstrate that mobile, short-term heat stress assays
can resolve fine-scale differences in coral thermotolerance across reef sites. Based on
our results, photosynthetic efficiency measured by non-invasive PAM fluorometry
provides a rapid and representative proxy of coral resilience. Our system holds the
potential to be employed for large-scale determination of in situ bleaching temperature
thresholds across reef sites and species. Such data can then be used to identify resistant
genotypes (and reefs) for downstream experimental examination and to complement
existing remote-sensing approaches.
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INTRODUCTION

Coral reefs have undergone drastic declines in recent years due to numerous
environmental factors including nutrient overload, disease, overfishing, as well as
bleaching and increasing ocean acidification associated with global climate change
(Hoegh-Guldberg 1999; Hughes et al. 2003; Pandolfi et al. 2011). Coral bleaching
describes the breakdown of the symbiosis between corals and their photosynthetic
symbiotic algae (Symbiodinianceae) under stress (LaJeunesse et al. 2018). Because
corals lose their primary source of nutrition, bleaching can result in widespread coral
mortality. The previous years have witnessed the worst global coral bleaching events on
record (Hughes et al. 2017), and global coral bleaching is now the main driver of coral
reef decline (Hughes et al. 2018). Critical to reef persistence in the future are genotypes,
populations, and regions of reef-building corals that can withstand, adapt/acclimatize
to, or recover from these widespread bleaching events (e.g., Dixon et al. 2015; Guest et
al. 2012; Palumbi et al. 2014; Van Woesik et al. 2012; Van Woesik et al. 2011).

In recent years, researchers have identified an increasing number of coral populations
(e.g., Barshis et al. 2013; Kenkel et al. 2013; Palumbi et al. 2014), reef regions (e.g., Fine
et al. 2013; Guest et al. 2012), and individual coral genotypes (e.g., Bay and Palumbi
2014; Dixon et al. 2015; Lundgren et al. 2013; Osman et al. 2018) that exhibit enhanced
bleaching resistance. In some cases, this resistance represents heritable evolutionary
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variation that could serve as raw material for natural selection or assisted evolution in a
changing climate (Dixon et al. 2015; Kenkel et al. 2015). However, we are missing a
standard procedure for determining coral bleaching susceptibility and assessing
individuals, populations, and regions for such resilient characteristics. The majority of
approaches used are remotely sensed predictions of bleaching occurrence and severity
(Liu et al. 2014), observational surveys of naturally occurring bleaching severity and
mortality (e.g., Guest et al. 2012), besides thermal exposure experiments or in situ field
transplantations (e.g., Barshis et al. 2013; Fine et al. 2013; Kenkel et al. 2013; Oliver and
Palumbi 2011; Palumbi et al. 2014). Yet despite these multiple approaches, we have
limited understanding on what determines bleaching and resistance thresholds due to
the incompatibility of various methods and a lack of standardization across studies.
Additionally, the commonly used NOAA Coral Reef Watch Degree Heating Weeks (DHW)
hotspot approach (Liu et al. 2014) lacks the spatial-temporal resolution to identify
resiliency at the scale of the individual coral colony, population, and reef (e.g., Safaie et
al. 2018a).

Long-term field surveys are one of the most informative measures of bleaching
susceptibility, as the frequency and severity of natural bleaching and subsequent
recovery are direct measures of the corals’ response to an in situ environmental stress.
However, natural bleaching events are difficult to predict (and measure), large-scale
bleaching surveys are costly, and monitoring recovery and mortality is a lengthy process
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requiring months to years of post-exposure surveys. Long-term lab exposures (weeks to
months) to elevated temperature are designed to approximate the timing and intensity
of a natural thermal stress event and have a proven track record in the literature over
decades (Jokiel & Coles 1977); yet these experiments require extensive and expensive
aquarium systems capable of sustaining corals for weeks on end. These systems are not
practical in many remote locations where coral reefs exist, and the approach takes
weeks to months for an assessment of just a single set of individuals from a single
population. Recent experiments utilizing short-term (0-3 day), acute thermal exposures
in remote field settings show a promising ability to reveal fine-scale differences in
thermal tolerance across small spatial scales (Barshis et al. 2013; Bay and Palumbi 2015;
Palumbi et al. 2014).

Here we built upon such standardized short-term heat stress experiments to uncover
differences in bleaching susceptibility of colonies of the coral Stylophora pistillata
collected from the exposed and protected sides of a near-shore reef in the central Red
Sea. Both sites are only 100s of meters apart, but were previously shown to exhibit
differential bleaching susceptibility (Pineda et al. 2013). To further assess the
performance of short-term assays in comparison to more commonly employed longterm stress experiments, we conducted a 9-day long heat-ramp-and-hold experiment
using fragments of the same coral colonies. Analysis of a suite of physiological measures
demonstrates that both approaches could resolve the putative differences in bleaching

14
sensitivity. As such, the addition of rapid field-deployable short-term heat stress assays
may complement the existing suite of approaches to diagnose coral resistance in remote
areas at the resolution of single coral colonies.
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MATERIALS AND METHODS

Study site and sample collection

In August 2018, adult colonies of Stylophora pistillata were collected from two sites at
the nearshore reef Thallah in the central Red Sea, Saudi Arabia. The two sites,
designated as Thallah Exposed (seaward) side (N 22.26189°, E 39.04878°) and Thallah
Protected (shoreward) side (N 22.26302° E 39.05165°), are in close proximity to each
other (approximately 300 m apart), but exhibit different environmental settings, in
particular with regard to the prevailing temperature regime (Pineda et al. 2013).
Temperature was recorded in 15 min intervals for summer (i.e. August 2018 to
November 2018) for the exposed reef site and from summer to mid-Spring (i.e. August
2018 to February 2019) for the protected reef site using HOBO 64K Pendant
Temperature Data Loggers (Onset, Bourne, MA, USA) that were deployed in the reef
(Roik et al. 2016).

At each of the sites, seven coral colonies were sampled, with seven fragments collected
per colony, using SCUBA at depths of 1-5 m. Colonies were sampled at least 5 m apart
from each other to minimize the potential of sampling clonal genotypes. Sampled
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specimens were stored in Ziploc plastic bags upon underwater collection and
transported to shore in a cooler filled with seawater. All corals were collected under
permits from the Saudi Coastguard Authority, issued under the auspices of the King
Abdullah University of Science and Technology (KAUST).
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Short-term heat stress experiment (CBASS)

We used a newly developed portable experimental system termed CBASS (the Coral
Bleaching Automated Stress System) to conduct short-term heat stress assays. Briefly,
the system consists of four replicate flow-through tanks that allows running four
independent temperature profiles with light settings adjusted to match in situ light
fields. The temperature in each tank is controlled by chillers and aquarium heaters
linked to a control panel (Ardunio platform) run by a laptop computer and the lights are
controlled manually (Supplementary Figure 1). HOBO 64K Pendant temperature data
loggers (Onset, Bourne, MA, USA) were used to record the temperature of each tank for
the duration of the experiment.

The short-term heat stress experiment was conducted at the outdoor wet lab facility of
the Coastal and Marine Resources Core Lab (CMOR) at KAUST using Red Sea seawater
provided by an inflow line. Briefly, collected coral fragments from all seven colonies of
both sites (exposed, protected) were distributed over the four flow-through tanks, so
that fragments from each colony (i.e., genotype) were in each treatment condition
(control - 30°C, medium - 33°C, high - 36°C, extreme - 39°C), to make a total of 56
fragments (7 fragments x 2 sites per tank = 14, 14 fragments per tank x 4 temperatures
= 56) (Figure 1). The four treatment conditions were as follows: Start of the experiment
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at noon (12.00h). The control tank was maintained at 30°C for the entire experiment.
The three heat stress treatment tanks were heated to 33°C, 36°C, and 39°C over a
period of three hours. The respective temperature was held for three hours, and then
decreased back to 30°C over the course of one hour (19.00h). All corals were kept at
30°C overnight until sampling the following morning (08.00h), completing the 18-hour
long short-term heat stress assay (August 16, 2018). All tanks were continuously
supplied with Red Sea seawater (see above).
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Long-term heat stress experiment (CLASSIC)

To compare measurements from the short-term heat stress incubations to a more
commonly employed long-term heat stress experiment, we deployed coral fragments
from the same 14 collected colonies equally (see above) across three outflow aquaria
(each 85L) at the indoor wet lab facility of CMOR at KAUST (50% water renewal per tank
per day). Tanks were equipped with current pumps at constant flow (Aqamai KPS
Wavemaker, Sacramento, CA, USA), heaters (SCHEGO Teichheizer, Offenbach,
Germany), temperature controllers (DD The Aquarium Solution, Ilford, Essex, UK), and
HOBO 64K Pendant Temperature Data Logger (Onset, Bourne, MA, USA). Light intensity
was controlled with LED lights Radion XR15FW PRO G2 (EcoTech Marine, Allentown, PA,
USA) set to a 12 h:12 h day/night cycle according to the “shallow reef” settings of the
EcoSmart Live software with average maximum quantum irradiance of 182.5 µmol
m−2s−1 photons.

Coral fragments were acclimated at a temperature of 30C for four days, then the
temperature was adjusted to 31C over the course of one day to match the mean max.
summer temperature for the Central Red Sea. The coral fragments were further
acclimated to these conditions for an additional nine days (Figure 1). For the heat stress
experiment, one tank remained at 31C throughout the course of the experiment
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(control temperature treatment), while for the other two tanks the temperature was
increased by 1C/day until reaching 33C (medium temperature treatment) and 35C
(high temperature treatment), respectively. All temperatures were kept for the
remainder of the experiment (heat-hold). The experiment was stopped after 21 days (on
September 5th, 2018) when 50% of the coral fragments at the 35C treatment showed
visible signs of bleaching.

Figure 1. Experimental setup. Fragments of seven coral colonies from each of the
exposed (blue) and protected (orange) reef sites were collected and subjected to either
18-hour short-term heat stress assays (CBASS), run under a control (30°C), medium
(33°C), high (36°C), and extreme (39°C) temperature treatment, or 9-day long-term heat

21
stress experiment (after a period of acclimation), run under a control (31°C), medium
(33°C), and high (35°C) temperature treatment. Of note, fragments of each coral colony
were exposed to each temperature treatment. Reef sites are about 300m apart.
Asterisks indicate time points of dark-adapted photosynthetic efficiency measurements,
arrowheads indicate time points of coral sampling.
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Photosynthetic efficiency

For measurements of dark-adapted photosynthetic efficiency, experimental tanks for
the short-term and long-term heat stress experiments were covered with tarp at 19.00h
to ensure complete darkness. After one hour (at 20.00h), we measured dark-adapted
photosynthetic efficiencies (Fv/Fm) of photosystem II (PSII) of all coral fragments at all
temperature treatments using a diving Pulse Amplitude Modulated (PAM) fluorometer
(WALZ, Effeltrich, Germany).

For the short-term heat stress experiment (CBASS), the measurements were
subsequently conducted after the heat stress and after ramping down to 30°C (see
above and Figure 1). For the long-term heat stress experiment, measurements were
taken at five times throughout the experiment: 1) at the end of the acclimation phase,
2) when the medium temperature treatment reached 33C, 3) when the high
temperature treatment reached 35C, 4) two days after reaching the treatment
temperatures, and 5) the evening of the day prior to the end of the experiment.
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Photographic assessment of coral chlorophyll contents and whitening

At the end of the short-term and long-term experiments, all coral fragments were
photographed (Nikon 1 J1 with a 10-30mm VR Lens, Tokyo, Japan) with a
monochromatic grayscale reference (Kodak gray scale), before being snap-frozen in
liquid nitrogen and stored at -80°C until further processing.

Red (R), Green (G), and Blue (B) pixel intensities were extracted from pictures using a
MatLab script to infer loss of chlorophyll density (i.e., chlorophyll a + chlorophyll c2/cm2)
as determined from an increase in pixel intensity of the red channel, following a
previously published method (Winters et al. 2009). Notably, chlorophyll density is a
composite measure that comprises the density of symbiotic cells and the chlorophyll
content within each cell, both of which affect the coral's light capturing abilities, and
hence, coral color.

We also used R, G, B pixel intensities as a measure to infer the degree of whiteness.
Briefly, a relative increase of pixel intensities in either or all of the R, G, B channels was
used for this purpose.
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Coral sample processing and skeletal surface area determination

For physiological and molecular analyses, coral tissue was sprayed off from frozen coral
fragments using airflow from a sterile pipet tip (1000 µl filter barrier tips, Neptune
Scientific, USA) connected via a rubber hose to a bench top air pressure valve and icecold 0.2 µm filtered seawater (FSW), for a maximum of 3 minutes. Following this, an
aliquot of 100 µl of the tissue slurry was removed and added to 400 µl of Buffer ATL
(Qiagen, Hilden, Germany) in a 1.5 mL Eppendorf tube and flash frozen in liquid nitrogen
before being stored at -80°C for subsequent DNA isolation (see below). Spraying then
continued until all tissue was removed. Subsequently, tissue slurry was homogenized
using a MicroDisTec homogenizer 125 (Thermo Fisher Scientific, Waltham, MA, USA)
and aliquoted for the various physiological measurements as follows: Symbiodiniaceae
density 200 µl; chlorophyll a 100 µl; host protein 100 µl; aliquots were stored at - 20°C.
Remaining coral skeletons were retained for surface area determination using the
paraffin wax dipping method of (Stimson & Kinzie 1991) as modified by (Holmes 2008).
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Symbiodiniaceae density, chlorophyll a, host protein

Symbiodiniaceae cell counts were obtained via flow cytometry (BD LSRFortessa, BD
Biosciences, San Jose, CA, USA). The aliquoted homogenate (see above) was thawed on
ice and diluted with 400 µl of FSW, vortexed, and passed through a cell strainer (5 mL
polystyrene round-bottom tube with cell-strainer cap; Corning Life Sciences, NY, USA).
Then, 6 µl of 1% SDS was added to the strained sample, vortexed, and 300 µl transferred
into a 96-well round bottom plate (three technical replicates per well) (Corning Life
Sciences, NY, USA), and directly used for flow cytometry analysis. All samples were
measured in triplicates. Symbiodiniaceae cells were discriminated from host cells and
debris by a combination of their forward scatter (size) and red fluorescence
(chlorophyll) using the FlowJo V 10.5.3 software (TreeStar, Ashland, OR, USA). The same
gate was used for all samples. Symbiodiniaceae counts were averaged over triplicates
and normalized to the skeletal surface area of the respective coral fragment (see
above).

Chlorophyll (chl) a content was determined using the SpectraMax Paradigm Multi-Mode
Microplate Reader (Molecular Devices, San Jose, CA, USA). The aliquoted homogenate
(see above) was thawed on ice and centrifuged to separate host and symbiont tissues
(5000 x g for 5 min at 4°C). The supernatant was removed and the symbiont chlorophyll
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extracted via incubation in 100% acetone for 24h at 4°C in the dark. Samples were
centrifuged (2000 x g for 5 mins at 4°C) and 200 µl were transferred (three technical
replicates per sample) to a 96-well flat bottom plate (Greiner, Bio-One, Kremsmünster,
Austria). The absorbance was determined at 664, 630, and 750 nm, and chl a content
calculated following the equations of (Jeffrey & Humphrey 1975) and corrected for the
different optical path length (0.555 cm).

The Bradford method was used to analyze host protein content (Bradford 1976). The
homogenate (see above) was thawed on ice, diluted with 400 µl of FSW, and
centrifuged to separate host and symbiont tissues (5000 x g for 5 mins at 4°C). The
supernatant was then transferred to a new 1.5 mL Eppendorf tube and centrifuged
further to remove any particulate matter (16,000 x g for 5 mins at 4°C). Three technical
replicates per sample (5 µl) were mixed with Quick Start Bradford dye reagent (250 µl,
Bio-Rad, Hercules, CA, USA) in a 96-well flat bottom plate (Corning Life Sciences, NY,
USA), and incubated for 5 min at room temperature. Samples were measured using the
SpectraMax Paradigm Multi-Mode Microplate Reader (595 nm, Molecular Devices, San
Jose, CA, USA) and bovine serum albumin (BSA) was used as the standard. Negative
values were set to zero.

All physiological measurements were normalized to coral surface area denoted as cm 2.
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Statistical analysis

All statistical analyses were conducted in R v. 3.5.0; all data were plotted in R v. 3.5.0 (R
Core Team 2019). Short-term heat stress assays (CBASS) and the long-term heat stress
experiment (CLASSIC) were analyzed separately.

Statistical analyses were performed using two-way ANOVA with temperature treatment
and reef site as fixed factors. The ANOVA assumptions of normality and
homoscedasticity were visually assessed by looking at the residuals distribution in
“quantile-quantile” plots and “residuals vs. fitted values” & “scale-location” plots,
respectively (Kozak and Piepho 2018). These plots result from fitting the data to the
ANOVA model using the function “aov” of the R package stats. When the null hypothesis
of equal means between groups was rejected ( < 0.05), then the Tukey’s honest
significance post-hoc test was applied to determine which groups were significantly
different from each other.

Where ANOVA assumptions were not met, non-parametric Kruskal-Wallis tests were
conducted testing for groupings defined by each factor (i.e., temperature treatment or
reef site) and their combination (i.e., temperature treatment x reef site). When the null
hypothesis of equal mean ranks between groups was rejected ( < 0.05), then the post-
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hoc Dunn test (package dunn.test; https://CRAN.R-project.org/package=dunn.test) was
applied to determine which groups were significantly different from each other.

Following the above, dark-adapted photosynthetic efficiency data were analyzed using
the non-parametric Kruskal-Wallis test. Pixel intensity data for the Red, Green, and Blue
channels were analyzed using two-way ANOVA. Pixel data for the Blue channel were logtransformed for an improved adjustment to the assumptions of normal distribution and
homoscedasticity of variance. Data from symbiont density, chlorophyll a content, and
host protein was square root transformed to be analyzed using two-way ANOVA with
interaction of factors.
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DNA isolation, Symbiodiniaceae ITS2 marker gene sequencing, SymPortal analysis

DNA isolation was performed using the Qiagen DNeasy 96 Blood & Tissue kit (Qiagen,
Hilden, Germany) following manufacturer’s instructions with minor adjustments. Briefly,
the coral tissue samples aliquoted for DNA isolation (see above) were thawed and
equilibrated to room temperature. The slurry was vortexed and 180 µl of each sample
transferred to a microtube with 20 µl of proteinase K for incubation at 56°C for 1 hour.
DNA extractions were then continued according to manufacturer’s instructions. DNA
concentrations were quantified by Qubit (Qubit dsDNA High Sensitivity Assay Kit,
Invitrogen, Carlsbad, USA).

ITS2 (Symbiodiniaceae) amplicon libraries were prepared for sequencing on the Illumina
MiSeq platform. To amplify the ITS2 region, the primers SYM_VAR_5.8S2 [5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAATTGCAGAACTCCGTGAACC-3’] and
SYM_VAR_REV [5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGGGTTCWCTTGTYTGACTTCATGC-3’]
(Hume et al. 2018) were used (Illumina adaptor overhangs underlined). Triplicate PCRs
were performed (10-50 ng of DNA from each coral sample) with the Qiagen Multiplex
PCR kit, with a final primer concentration of 0.5 μM in a final reaction volume of 10 μl.
Thermal cycler conditions for ITS2 PCR amplification were: initial denaturing at 95°C for
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15 min, 30 cycles of 95°C for 30 s, 56°C for 90 s, and 72°C for 30 s, followed by a final
extension step of 72°C at 10 min. Then, 5 µl of the PCR products were ran on a 1%
agarose gel to confirm successful amplification. Triplicates were pooled, and samples
were cleaned using ExoProStar 1-step (GE Healthcare, Chicago, IL, USA). Samples were
then indexed using the Nextera XT Index Kit v2 (dual indixes and Illumina sequencing
adaptors added). Successful addition of indexes was confirmed by comparing the length
of the initial PCR product to the corresponding indexed sample on a 1% agarose gel.
Samples were then cleaned and normalized using the SequalPrep Normalization Plate
Kit (Invitrogen, Carlsbad, USA). The ITS2 libraries were pooled in an 1.5 mL Eppendorf
tube (4 μl per sample) and concentrated using the CentriVap Benchtop Vacuum
Concentrator (Labconco, Kansas City, MO, USA). Following this, quality of the library was
assessed using the Agilent High Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, USA) and quantification was done using Qubit (Qubit
dsDNA High Sensitivity Assay Kit, Invitrogen, Carlsbad, USA). Sequencing was performed
at 6 pM with 20% phiX on the Illumina MiSeq platform at 2 x 301 bp paired-end V3
chemistry according to the manufacturer’s specifications.

The SymPortal analytical framework (symportal.org, github.com/SymPortal) was used to
predict putative Symbiodiniaceae taxa (Hume et al. 2019). Briefly, demultiplexed and
paired forward and reverse fastq.gz files outputted from the Illumina sequencing were
submitted directly to SymPortal. Sequence quality control was conducted as part of the
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SymPortal pipeline using mothur 1.39.5 (Schloss et al. 2009), the BLAST+ suite of
executables (Camacho et al. 2009), and minimum entropy decomposition (MED) (Eren
et al. 2014). Specific sets of defining intragenomic ITS2 sequence variants (DIVs) were
identified to define ITS2 type profiles.
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RESULTS

Corals from exposed and protected site of Thallah reef are exposed to distinct
environmental settings

Temperature profiles obtained from in situ deployed loggers for the period from August
to November 2018 (summer) revealed a diel periodicity that was much more variant in
the exposed site than in the protected site of Thallah reef in the central Red Sea (Figure
2A). Interestingly, the average water temperature was similar in both reef sites with
values of 32.23C  1.21C and 32.25C  1.22C for the exposed and protected sites,
respectively (Figure 2B). This could be explained by the considerably lower daily
fluctuations at the exposed site (0.78C  0.42C) when compared to the protected site
(2.23C  0.59C) (Figure 2A). Consequently, daily maximum temperatures were lower
in the exposed reef site (32.61C  1.18C) than in the protected site (33.65C  1.45C),
while the opposite was observed for the daily minimum temperature, with higher values
for the exposed site (31.83C  1.39C) than for the protected site (31.42C  1.21C)
(Figure 2C,D). As such, despite both reef sites being close together and seemingly similar
as projected from daily temperature means, corals in the protected reef site experience
a much more variable and extreme environment, in agreement with findings of a recent
study (Pineda et al. 2013).
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Figure 2. Environmental settings of the exposed (blue) and protected (orange) sites of
Thallah reef in the central Red Sea. (A) Diel temperature profile for the months of
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August to November 2018 (summer). Black line denotes mean summer max (30.8°C),
red line denotes putative bleaching threshold (31.8°C). (B) Daily temperature means. (C)
Maximum daily temperatures. (D) Minimum daily temperatures.
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Increased loss of photosynthetic efficiency for corals from the exposed site under heat
stress

As a first proxy, we measured dark-adapted photosynthetic efficiencies of coral
fragments across different temperatures from the exposed and protected reef site
(Figure 3). With regard to the short-term heat stress experiments (CBASS), we found no
significant difference between coral fragments from the exposed and protected sites
(PKruskal-Wallis = 0.3896). However, taking the different temperature treatments into
account, we found a highly significant difference for temperatures over sites (PKruskal-Wallis
< 0.001). We also found a highly significant difference between temperatures
irrespective of site (PKruskal-Wallis < 0.001). Notably, the post-hoc test confirmed significant
differences between the ‘extreme’ and all other temperature treatments (i.e. ‘control’,
‘medium’, ‘high’), alluding to the high thermal resilience of corals from the central Red
Sea, as corals at 36°C retained their photosynthetic efficiencies.

In line with results from the short-term heat stress assays, we found no significant
difference between sites (PKruskal-Wallis = 0.7036), but a highly significant difference
between temperature treatments (PKruskal-Wallis < 0.001) for the long-term heat stress
experiment (CLASSIC). Here, the post-hoc test revealed significant differences between
the ‘high’ and the ‘control’ and ‘medium’ temperature treatments. Similar to the CBASS
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experiments, we did find a significant difference when considering the interaction
between reef sites and temperature treatments (PKruskal-Wallis < 0.001). Notably, Fv/Fm
values were higher at control and medium temperatures in comparison to the CBASS
experiment. Further, differences between the exposed and protected site were more
pronounced at the high temperature in the CLASSIC experiment in comparison to the
CBASS assays, albeit differences were not significant (Figure 3).
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Figure 3. Comparison of dark-adapted photosynthetic efficiencies (Fv/Fm) during shortterm (CBASS, left) and long-term (CLASSIC, right) heat stress experiments of corals from
the exposed (blue) and protected (orange) site of Thallah reef in the central Red Sea.
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Loss of chlorophyll density and increased whitening for corals from the exposed and
protected sites under heat stress

We determined increases in red pixel intensity of pictures taken from coral fragments
(Winters et al. 2009) to examine the effect of different temperature treatments on the
chlorophyll density of corals from the exposed and protected sites (Figure 4). The
method relies on the negative relationship between relative loss of chlorophyll density
(chl a + chl c2/cm2) and pixel intensity increase in the red channel in digital photographs.
For the CBASS experiment, we did not find a significant difference between red channel
pixel intensities of photographs from corals from the exposed and protected sites (twoway ANOVA test, F1,46 = 0.035, P = 0.85305). However, we retrieved a highly significant
difference between temperature treatments (two-way ANOVA test, F3,46 = 5.891, p <
0.001), in line with a relative increase in red channel pixel intensity, and consequently, a
relative loss of chlorophyll density at heat stress temperatures. A post-hoc test (Tukey
HSD) revealed that significant differences were present between the ‘extreme’
temperature treatment and both the ‘medium’ and ‘control’ treatments, but not the
‘high’ temperature treatment, since red pixel intensities were already elevated at this
temperature (Figure 4). Notably, there was no significant interaction effect between
reef sites and temperature treatments (two-way ANOVA test, F3,46 = 0.201, P = 0.89508),
suggesting that corals from the exposed and protected sites displayed a similar relative
loss of chl density.
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Similar to the CBASS experiment, no significant differences were found between corals
from the exposed and protected sites (two-way ANOVA test, F1,35 = 0.453, P = 0.505) for
the long-term heat stress experiment, but a highly significant difference between
temperature treatments was observed (two-way ANOVA test, F2,35 = 20.697, p < 0.001).
A post-hoc test (TukeyHSD) identified the significant difference to be between the ‘high’
treatment to both the ‘control’ and ‘medium’ treatments. Of note, corals in the longterm heat stress experiment displayed an overall lower red pixel intensity at control and
medium temperatures and a more pronounced increase at the high temperature,
although absolute levels at the high and extreme temperature in the CBASS experiment
and at the high temperature in the CLASSIC experiment were comparable (Figure 3). In
line with the CBASS experiment, there was no significant interaction effect between reef
sites and temperature treatments (two-way ANOVA test, F2,35 = 0.776, P = 0.468),
corroborating that corals from the exposed and protected sites displayed a similar loss
of chl density, as inferred from red pixel intensity increase.

Since it was also of interest to have a relative scale of whitening in order to assess
degrees of bleaching, we considered pixel intensities from the red, green, and blue
channel. Notably, a relative increase in all channels equate to an overall increase in
whiteness, since white is defined as RGB pixel intensities of 255, 255, 255. For the shortterm heat stress assays as for the long-term heat stress experiment, we found that there
was a general trend for pixel intensities to increase for the red, green, and blue channels
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with increasing temperatures. Interestingly, for the long-term experiment pixel
intensities for corals from the protected site were on average higher than then exposed
site at the ‘control’ and ‘medium’ temperatures, whereas they were lower at the ‘high’
temperature in line with reduced whitening (bleaching) (Supplementary Figure 2).

Figure 4. Comparison of red channel pixel intensity of gray-scale normalized RGB
photographs during short-term (CBASS, left) and long-term (CLASSIC, right) heat stress
experiments of corals from the exposed (blue) and protected (orange) site of Thallah
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reef in the central Red Sea. An increase in pixel intensity within the red channel is
negatively correlated with a relative loss of chlorophyll density (chl a + chl c2/cm2)
following (Winters et al. 2009).
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Retainment of Symbiodiniaceae densities in short-term heat stress experiments and
pronounced loss under long-term heat stress

Symbiodiniaceae densities were determined using flow cytometry (Figure 5). For the
short-term heat stress assays, we did not detect significant differences between sites
(two-way ANOVA, F1,48 = 2.816, P = 0. 0998), temperature treatments (two-way ANOVA,
F3,48 = 0.107, P = 0.9555), or combinations thereof (two-way ANOVA test, F3,48 = 0.319, P
= 0.8118). In line with this, Symbiodiniaceae densities were similar between corals from
exposed and protected sites across temperatures and on the order between 10 5-106
cells/cm2 with a slight upward trend for corals from the protected site (Figure 5).

Similar to the CBASS experiments, the long-term experiment revealed no significant
differences between reef sites (two-way ANOVA, F1,35 = 1.011, P = 0.321612). However,
and in contrast to the short-term heat stress assays, we found highly significant
differences between temperature treatments (two-way ANOVA, F2,35 = 90.407, P <
0.001), and there was also a highly significant interaction between reef sites and
temperature treatments (two-way ANOVA, F2,35 = 10.657, P < 0.001). This was evident by
increasing and pronounced loss of symbionts of corals from both sites with increasing
temperature (Figure 5).
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Notably, symbiont densities in the CLASSIC experimental setup were overall higher in
the control tank in comparison to the CBASS experiment, and there was a slight
downward trend with regard to symbiont densities for corals from the protected site in
comparison to their exposed site counterparts. Importantly, these differences were
reversed at the high temperature treatment (35°C): here symbionts densities were
substantially reduced to almost zero in corals from protected sites, whereas corals from
the exposed site retained substantially more symbionts, supporting a higher
thermotolerance of corals from the protected site.
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Figure 5. Comparison of Symbiodiniaceae densities during short-term (CBASS, left) and
long-term (CLASSIC, right) heat stress experiments of corals from the exposed (blue) and
protected (orange) site of Thallah reef in the central Red Sea.

45
Higher chlorophyll a content in corals from the protected site under short term heat
stress and overall loss of chlorophyll a under long term heat stress

As an additional measure to assess putative differences in thermotolerance across
corals from exposed and protected sites, we determined chl a amounts per cm2 (Figure
6). With regard to the short-term heat stress assays, we found highly significant
differences between corals from the exposed and protected site with coral fragments
from the protected site showing overall higher chl a amounts (two-way ANOVA, F1,47 =
25.189, P < 0.001). As for symbiont densities, chl a amounts were rather consistent
across temperatures, in particular for corals from the protected site (Figure 6).
Accordingly, we did not find significant differences between either temperature
treatments (two-way ANOVA test, F3,47 = 0.485, P = 0.695) or between combinations of
reef sites and temperature treatments (two-way ANOVA, F3,47 = 0.937, P = 0.430). Of
note, higher chl a amounts in corals from the protected site and lower chl a amounts in
corals from the exposed site across temperatures resemble the pattern observed for
symbiont densities (Figure 5), but were much more pronounced.

In contrast to the short-term heat stress assays, we found no significant difference
between corals from the exposed and protected sites with regard to chl a content in the
long-term heat stress experiment (two-way ANOVA, F1,35 = 3.472, P = 0.708). Rather, and
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in line with the pattern observed for symbiont densities, we observed a pronounced loss
of chl a at the high temperature treatment (Figure 6), as evident from a highly
significant difference between temperature treatments (two-way ANOVA, F2,35 = 19.964,
P < 0.001). Of note, chl a contents were similar between control and medium
temperature treatments for corals from the exposed and protected site (Figure 6),
contrary to the gradual loss observed in symbiont densities with increasing temperature
in the CLASSIC experimental setup (Figure 5). Accordingly, we did not find a significant
difference between combinations of reef sites and temperature treatments (two-way
ANOVA, F2,35 = 1.624, P = 0.2117). Importantly, chl a contents recapitulated the pattern
observed for symbiont densities observed under the high temperature treatment in that
chl a amounts were substantially higher for corals from the protected site in comparison
to their exposed side counterparts, in line with a higher thermal resilience.
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Figure 6. Comparison of chlorophyll a content (µg/cm2) during short-term (CBASS, left)
and long-term (CLASSIC, right) heat stress experiments of corals from the exposed (blue)
and protected (orange) site of Thallah reef in the central Red Sea.
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Differential patterns of retention and loss of host protein content between short-term
and long-term heat stress experiments of corals from exposed and protected sites

As a final physiological proxy, we examined whether differences in host protein content
aligned with presumed differences in thermal resilience of corals from the exposed and
protected site (Figure 7). In the short-term heat stress experiments, we found overall
higher host protein content at control, medium, and high temperature treatments, as
well as a relative lower loss at the extreme temperature treatment in corals from the
protected site in comparison to corals from the exposed site. This pattern was further
corroborated by significant differences between exposed and protected sites (two-way
ANOVA, F1,48 = 4.057, P = 0.0496), in addition to highly significant differences between
temperature treatments (two-way ANOVA, F3,48 = 27.739, P < 0.001). No significant
interaction effect was found for combinations of reef site and temperature treatments
(two-way ANOVA, F3,48 = 0.412, P = 0.7450), suggesting that although retention of host
protein content was higher in corals from protected sites at the extreme temperature
treatment, in line with a higher thermotolerance, the response across coral genotypes
varied widely (Figure 7). Notably, host protein content was close to zero for corals from
the exposed site at 39°C, indicating substantial tissue loss and coral death at this
temperature.
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Interestingly, host protein content appeared slightly higher for corals from the exposed
site under control and medium temperature treatments in the long-term experiment in
comparison to corals from the protected site and in contrast to the pattern observed for
the CBASS experiment (Figure 7). However, we found no significant difference between
exposed and protected sites (two-way ANOVA, F1,35 = 2.632, P = 0.1137). While host
protein content seemed reduced at the high temperature treatment for corals from the
exposed site, it was retained for corals from the protected site. Accordingly, we found a
significant difference between temperature treatments (two-way ANOVA, F2,35 = 3.336,
P = 0.0472). Overall, host protein content was on an order comparable to the short-term
heat stress assays and retained for corals from the protected site. In line with these
observations, and similar to the CBASS experiment, there were no significant differences
when examining interactions between reef sites and temperature treatments (two-way
ANOVA test, F2,35 = 0.555, P = 0.5791).
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Figure 7. Comparison of host protein content (mg/cm2) during short-term (CBASS, left)
and long-term (CLASSIC, right) heat stress experiments of corals from the exposed (blue)
and protected (orange) site of Thallah reef in the central Red Sea.
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Distinct Symbiodiniaceae community composition of corals from exposed and
protected sites

Analysis of the Symbiodiniaceae community composition based on next-generation
sequencing of the ITS2 region using SymPortal (Hume et al. 2019) revealed that distinct
symbiont types were associated with S. pistillata colonies from the exposed and
protected site (Figure 8). Corals from the exposed site were primarily associated with
symbionts of the ITS2 type profile A1g/A1-A1l-A1cr-A1o-A1dp-A1p-A1dq-A1dn (5
colonies), besides A1-A1z-A1do (1 colony) and A1-A1dm (1 colony). Conversely, corals
from the protected site were primarily associated with algal symbionts of the ITS2 type
profile A1-A1ds-A1z-A1dr-A1bh (5 colonies), besides A1-A1du-A1z-A1ds-A1dr (1 colony)
and A1-A1dm (1 colony). Notably, for any coral colony, symbiont association was
consistent across temperatures and between short- and long-term experiments, and we
did not observe swapping of symbionts. Nevertheless, symbiont association was not
uniform within the exposed and protected reef sites. One colony from the exposed site
(colony 3) and one colony from the protected site (colony 7) even harbored the same
symbiont type profile, further alluding that aligning symbiont types with thermal
resilience is not straight-forward.
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Figure 8. Comparison of Symbiodiniaceae community composition during short-term
(CBASS, left) and long-term (CLASSIC, right) heat stress experiments of corals from the
exposed and protected site of Thallah reef in the central Red Sea. (A) Stacked bar plot of
defining intragenomic ITS2 variants (DIVs). Plotted are coral colonies over their
respective temperature treatments. Same colors denote same ITS2 sequences. (B)
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Corresponding ITS type profiles. Plotted are coral colonies over their respective
temperature treatments. Same colors denote same ITS2 type profiles.
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DISCUSSION

The importance of standardized in situ heat stress assays and microhabitats

Coral bleaching triggered by ocean warming is now the main driver of coral reef decline
(Hughes et al. 2017), with projections indicating that the thermal conditions driving
major losses will increase in frequency and exceed thresholds for the majority of reefs
by 2050 (Gattuso et al. 2015; V. Masson-Delmotte 2018). Action is needed to protect
these important ecosystems. Although a vast number of studies examine the effects of
thermal stress on corals (Barshis et al. 2013; Bay and Palumbi 2014; DeSalvo et al. 2008;
DeSalvo et al. 2020; Osman et al. 2018; Palumbi et al. 2014; Pogoreutz et al. 2017;
Pogoreutz et al. 2018; Polato et al. 2010; Ziegler et al. 2017), we are missing studies
using a common, standardized framework. This would allow elucidation and comparison
of results in large(r) framework to elucidate the underpinnings of thermally resilient
corals and inform intervention measures. Here we sought to develop and employ a
standardized, cost-effective, and experimentally validated suite of rapid, fielddeployable heat stress assays, which we termed CBASS (Coral Bleaching Automated
Stress System) (Figure 1, Supplementary Figure 1). Such a system allows widespread
identification of coral individuals and populations that can withstand or recover from
bleaching events better than others.
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At a first approximation, our intent was to examine whether CBASS short-term assays
are informative with regard to bleaching sensitivity/resilience differences and provide a
resolution and biological insight comparable to more commonly employed long-term
heat stress experiments. For this purpose, we chose the nearshore reef Thallah in the
central Red Sea that was previously studied and shown to exhibit differences in thermal
resilience with regard to corals from its onshore (protected) and offshore (exposed) reef
sites (Pineda et al. 2013). While both reef sites exhibit the same daily mean water
temperature, the protected reef site is subject to a more extreme and variable
environment, as indicated by overall warmer and cooler water temperatures and larger
diel fluctuations (Figure 2). As a consequence, corals from the protected site showed
increased survival after a bleaching event, in line with a higher thermal resilience
(Pineda et al. 2013). There are three additional things to note here. First, only the
recording of high resolution in situ temperature data revealed the highly variable and
extreme diel differences, which are not accessible from remote sensing data focusing on
mean temperature over larger time spans. Second, the exposed and protected sites are
only 300 meters apart, yet exhibit substantially different environments, arguing for the
importance of microhabitats in selecting for physiologically (and genetically) distinct
coral conspecifics. Indeed, it is suggested that microhabitat differences play an
important role in shaping thermotolerance of corals (Safaie et al. 2018b), and should be
considered for assisted migration purposes. This is to say short-term migration of coral
conspecifics from more extreme to more steady environments may provide a means to
increase coral resilience, without the burden of addressing challenges that come with
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long distance migrations (‘local is best’). Third, the mean summer maximum
temperature for Thallah reef is 30.8°C, providing 31.8°C as a putative bleaching
threshold. Yet, corals from both sites spend a significant amount of their lifetime above
such remote-sensing predicted bleaching thresholds (Figure 2), making a strong case for
complementary ‘boots-on-the-ground’ experimental approaches, such as CBASS, to
complement remote-sensing methods to assess regional bleaching thresholds.

For the purpose of ground-truthing the CBASS platform, we collected colonies of
Stylophora pistillata from the exposed and protected site to assess whether short-term
heat stress assays can recover the natural differences in thermotolerance. At the same
time, we conducted a more commonly employed long-term heat stress experiment to
assess whether the CBASS platform is capable of providing similar resolution and insight.
To do this, we explored a suite of physiological measures, which were found to differ in
their ability to resolve differences in thermal resilience across the exposed and
protected reef site and are discussed next.
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Performance of different physiological measures as a proxy for in situ thermal
resilience

Using photosynthetic efficiency as a proxy for thermal resilience, we find an overall
significant difference considering reef site and temperatures using short-term heat
stress assays. However, we could not statistically resolve differences between corals
from the exposed and protected sites. Nevertheless, by trend coral fragments from the
protected site retained their photosynthetic efficiency up to 36°C, whereas relative loss
of photosynthetic efficiency became apparent for corals from the exposed site (Figure
3). Notably, although under extreme temperatures corals exhibited substantial loss of
photosynthetic efficiency, corals from the protected site overall displayed a higher F v/Fm
than their conspecifics from the exposed site. This indicates higher bleaching resilience
of corals from the protected site. Similar to the CBASS experiments, by trend we could
confirm that Fv/Fm is considerably higher in protected than exposed colonies at high
temperatures in the long-term heat stress experiment, suggesting that protected corals
seem less stressed at higher temperatures. It should also be noted that F v/Fm were
overall higher and largely indistinguishable at control and medium temperatures in the
long-term stress experiment, in comparison to the CBASS experiments. Importantly,
relative retention of Fv/Fm at high temperature in corals from the exposed site, and
respective loss at corals from the protected site, was much more pronounced already at
35°C in the long-term experiment in comparison to 36°C in the short-term experiment.
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We interpret the consistent increase of Fv/Fm at control and medium temperatures for
corals from the exposed and protected site in the long-term experiment as a
consequence of acclimation to the aquaria conditions (lower light). Further, apparent
loss of photosynthetic efficiency at 35°C in the long-term experiment in comparison to
the 36°C of the CBASS experiments, may also be interpreted as the cost of accumulated
stress under a long-term heat stress experimental setup.

By examining chlorophyll density as an indication of bleaching resilience, we expected to
see a loss of chl density at higher temperatures (Winters et al. 2009) and a greater
retention of chl density in protected colonies under heat stress in comparison to
exposed colonies (Figure 4). In the CBASS experiment, we found a significant difference
between temperature treatments, with an increase in the red channel pixel intensity at
increased temperatures, corresponding to a decrease in chl density. However, we could
not resolve statistically site-specific differences, suggesting that corals from the exposed
and protected sites display a similar relative loss of chl density under heat stress. Similar
to the CBASS experiment, we found a relative loss of chl density with increasing
temperature, but no significant differences between the exposed and protected sites in
the long-term experiment. Pixel intensity within the red channel in both the control and
medium temperature treatments displayed much lower values in comparison to the
CBASS experiment. However, under the high temperature treatment, pixel intensities
were comparable, with the protected site showing a slight trend of increased chl density
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in comparison to the exposed site, potentially suggesting a higher bleaching resilience.
The disparity between the short-term and long-term heat stress experimental setup for
the control temperature treatments may be a result of the acclimation of corals to the
comparable lower light conditions in the long-term experimental setup (increased chl
density).

A decrease in Symbiodiniaceae density (Figure 5) and chl a content (Figure 6) are
common measures to denote coral bleaching. Consequently, we expected to see a
corresponding pattern in both heat stress experimental setups. However, in the CBASS
experiments, both Symbiodiniaceae density and chlorophyll a content were consistent
across temperatures, and we found no significant differences between temperature
treatments for either parameter. We did however observe highly significant differences
in chl a content between sites, with coral fragments from the protected site showing
overall higher chl a amounts; in line with a tendency towards higher symbiont densities,
which supports the pattern of higher thermal resilience of corals from the protected
site. In contrast to the CBASS experiment, we observed a clear negative relationship
between increasing temperature and decreasing Symbiodiniaceae density and
chlorophyll a content in the long-term experiment, supporting the hypothesis that
corals from the protected site have a higher thermal resilience. Notably, symbiont
densities were higher at the control temperature in the long-term experiment, which
may reflect acclimation to a comparatively lower light environment (see above). It is
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important to note that Symbiodiniaceae density and chlorophyll a content results
displayed a clear difference in resolution between the two experimental setups. Both
physiological parameters, which are commonly examined to assess bleaching could
resolve differences between the exposed and protected reef site, but only in the longterm experiment. One explanation could be that in the short-term (18-hour)
experimental assays, we may have measured dead/damaged symbiont cells that have
yet to be expelled. This argument is further supported by flowcytometry images, where
we noted a spread (‘smear’) of the red fluorescence signal with increasing temperature
in the short-term experiment. Consequently, Symbiodiniaceae density and chlorophyll a
content, may not be appropriate physiological parameters to resolve differences in
thermal resilience using short-term heat stress assays, but further testing is underway.

We expected to observe a decrease in host protein content under heat stress as a result
of depletion of host energy reserves and loss of photosynthate input from the algal
symbionts. In the CBASS experiment, we found significant differences between exposed
and protected sites, with higher protein content in corals from the protected site,
indiscriminate of control, medium, and high temperatures. Only at the extreme
temperature treatment, corals exhibited substantial tissue loss, with corals from the
protected site retaining on average higher protein contents. By contrast, in the longterm experiment the pattern was reversed, and we observed higher protein content in
the exposed site in the control and medium temperature treatments. At high
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temperature stress there was a loss in the protein content in exposed site corals,
whereas the protected site remained consistent. As such, we argue that, statistically
speaking, we could not determine a physiological response that scales with an increase
in temperature, and the reversed pattern for the short-term and long-term experiments
suggest that host protein content does not seem to be a reliable indicator for thermal
resilience.

Analysis of the ITS2 region using the SymPortal analytical framework resolved distinct
differences in the algal symbiont composition between the exposed and protected site.
Notably, algal symbiont composition was not uniform within sites. Rather it seems that
putatively different symbiont species associate with corals in both locations, although
the majority of corals from both sites harbored the same symbiont types. As symbiont
composition remained stable across the CBASS and long-term experimental systems,
and given the uncertainties with assigning thermotolerance to specific symbionts
types/species (with the exception of some notable differences, e.g. (Hume et al. 2016)),
we conclude that it is not a suitable parameter to determine ad hoc differences in
thermal resilience. It should be noted however that symbiont identity may be one of the
putative components that underlie the observed differences in resilience/bleaching
susceptibility between the two sites. As a side note, our analysis demonstrates the
increased resolving ability of SymPortal to denote differences in algal symbiont
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composition, despite the A1 ITS2 sequence being the (mostly) dominant sequence
shared across all samples.

In summary, PAM measurements as a means of a holobiont composite health measure
seem to reflect stress status well in the short-term and long-term heat stress
experiments. In addition, they provide the advantage of being non-instrusive, leaving
the coral fragment intact for subsequent analyses. It should be noted that PAM
measurements were recorded directly following the end of the heat stress, and before
the recovery phase (Figure 1), warranting further research into what time point is most
suitable to resolve differences in thermal resilience in short-term heat stress assays.
Similarly, red channel pixel intensity as a proxy for chl density for predicting the
thermotolerance of corals worked well in both the short-term and long-term heat stress
experiments. Both systems displayed the expected increase in pixel intensity,
corresponding to a decreased in chl density with increasing temperatures. However,
neither system was sufficient to resolve site specific differences. Therefore, although
useful for showing the effects of temperature on chl density and in turn bleaching
severity/resilience, it may not be an ideal parameter to resolve fine-scale differences in
thermal tolerance across small spatial scales. Interestingly, symbiont densities as well as
chl a content did not resolve contrasting patterns well in short-term heat stress assays.
As alluded above, 18h-long experiment may be too short to elicit differences based on
these physiological parameters, as is the case for ITS2-based elucidation of symbiont
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composition. Notably, short-term measurements provide a more direct indication of
thermal tolerance, as acclimation (as a result of the aquaria condition) or energetic
issues (as a result of the long-term stress) do not need to be considered. At the same
time, this comes at the expense of decreased resolution, as accumulated differences
over time substantiated existing differences in the long-term experimental setup, but
only at the high temperature. Of note, biological variance is also decreased in the longterm stress experiment at control and medium temperatures, a further indication of
acclimation to the aquaria condition. It should also be noted that temperatures of 39°C
can be employed in a short-term experimental setup in order to see how the holobiont
responds to extreme stress. In our case, this temperature manifested the difference
between exposed and protected sites. However, such temperatures should be
considered lethal for any long-term experiment, and the detailed temperature stress
steps remain an issue of active investigation.
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Standardized in situ heat stress experiments as a means to diagnose resilient corals
across their global distribution

Both experimental systems resolved differences in thermal resilience between the reef
sites. The long-term experiment provided overall better resolution of differences
between temperature treatments and sites, but at the cost of long, costly, and
logistically demanding experiments. The CBASS setup by comparison offers a portable,
standardized platform that can be used to measure coral thermal resilience in a
significantly shorter time frame and at a fraction of the cost. As such CBASS can
constitute a platform, embedded in an analytical framework, to explore local and global
thermal tolerance patterns and to compare insights from different reef sites in a
consistent manner. Further testing and experiments are warranted in order to improve
the system as well as to determine the exact conditions, use-cases, and what the system
can and cannot resolve.

Another aspect that should be considered is the species of coral used in the current
study. Stylophora pistillata is a common coral species found throughout the Red Sea
(Voolstra et al. 2017) that has been shown to exhibit patterns of regional differentiation
(Neave et al. 2017). It may therefore not be indicative of other coral species. Future
studies should aim to look at a range of species to examine how thermotolerance may
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vary between both species and genotypes within the same species under future climate
change scenarios.

It should further be noted that short-term heat stress assays can serve as a fielddeployable indicator to provide a (first) proxy for coral thermal resilience. Following this
line of thought, the CBASS could be used to compliment remote sensing data and used
as a diagnostic tool to inform conservation measures, such as the placement of MPAs.
There are numerous benefits of MPAs not only for fisheries management (Rassweiler et
al. 2012), but also for maintaining coral cover (Selig and Bruno 2010), as well as
protection of biodiversity and increased productivity (Davies et al. 2017). Irrespective of
MPAs, it is of importance to locate reefs that have greater bleaching resilience and
thermotolerance as a source for experimental testing and starting material for
manipulative approaches (Cleves et al. 2018; Levin et al. 2017; van Oppen et al. 2015).
Importantly, CBASS is intended to be a fully ‘open access’, community-centered effort.
Similar to the SymPortal analytical framework (Hume et al. 2019, symportal.org), we
strive to create a publicly accessible database where users can upload their data and
compare to previously run experiments, providing increased insight and larger context.
Last, CBASS experiments can be run in conjunction with genomic investigations, e.g.
RNASeq or RADSeq, providing a phenotypic context in which to interpret patterns of
gene expression differences or genomic divergence. The development of an analytical
framework using standardized experiments and diagnostics, readily available to all,
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holds the promise to enact a sea of change with regard to our ability do things as a
community in order to hasten progress on understanding distribution of stress tolerant
corals and their mechanistic underpinnings. Empowering this framework allows the
creation of a global database of resilient reefs, that scientists, conservationists, and
policy makers alike may benefit from in order to make better informed decisions
regarding coral reef conservation, restoration, and management.
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APPENDICES

Supplementary Figure 1. Overview of the standardized portable experimental system to
measure coral bleaching resilience. (A) Coral Bleaching Automated Stress System
[CBASS] featuring 4 light- and temperature-independent tanks with 2 replicate units for
each condition. (B) Example of programmed temperature profile for assessment of coral
resilience in Red Sea corals. Temperature profiles can be freely programmed and
independently run. (C) Temperature controller unit based on the Arduino platform and
programming language (https://www.arduino.cc/) that control light and temperature
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and run programmed temperature profiles. (D) Small colony fragments from Porites
corals collected from one reef in the central Red Sea and assayed at 4 different
temperatures.
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Supplementary Figure 2. Comparison of red, green, blue channel pixel intensity of grayscale normalized RGB photographs during short-term (CBASS, left) and long-term

75
(CLASSIC, right) heat stress experiments of corals from the exposed (blue) and protected
(orange) site of Thallah reef in the central Red Sea. An increase in pixel intensity within
any/all of the channels is generally correlated with an increase in whiteness (RGB white
= 255, 255, 255).

