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The rapid loss of reef-building corals owing to ocean warming is driving the
development of interventions such as coral propagation and restoration,
selective breeding and assisted gene flow. Many of these interventions
target naturally heat-tolerant individuals to boost climate resilience, but
the challenges of quickly and reliably quantifying heat tolerance and identi-
fying thermotolerant individuals have hampered implementation. Here, we
used coral bleaching automated stress systems to perform rapid, standar-
dized heat tolerance assays on 229 colonies of Acropora cervicornis across
six coral nurseries spanning Florida’s Coral Reef, USA. Analysis of heat
stress dose–response curves for each colony revealed a broad range in ther-
mal tolerance among individuals (approx. 2.5°C range in Fv/Fm ED50), with
highly reproducible rankings across independent tests (r = 0.76). Most phe-
notypic variation occurred within nurseries rather than between them,
pointing to a potentially dominant role of fixed genetic effects in setting
thermal tolerance and widespread distribution of tolerant individuals
throughout the population. The identification of tolerant individuals
provides immediately actionable information to optimize nursery and restor-
ation programmes for Florida’s threatened staghorn corals. This work
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further provides a blueprint for future efforts to identify
and source thermally tolerant corals for conservation
interventions worldwide.
ietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20211613
1. Introduction
As warming oceans continue to trigger mass bleaching and
mortality of reef-building corals around the world, the fate
of reef ecosystems is now tightly linked to the heat tolerance
of surviving corals. While immediate reduction of emissions
and mitigation of warming is of primary importance to
ensure coral reef persistence, biological interventions using
naturally heat-tolerant corals may also be necessary to
maximize resilience in challenging future environments [1–3].

Interventions that could use heat-tolerant corals include:
(i) coral propagation and restoration, where corals are
grown in nurseries and outplanted to reefs [4,5]; (ii) selective
breeding, where individuals are crossbred to produce new
generations of sexual recruits for restoration [6,7]; and (iii)
assisted gene flow, in which corals or their gametes are
imported to a new population [8–10]. Indeed, the strategic
use of heat-tolerant corals as broodstock and source material
in these efforts could help boost the abundance of heat-toler-
ant genotypes in natural and restored coral populations,
assuming that heat tolerance is heritable [11–13]. However,
a prerequisite for practical implementation of these interven-
tions is to first find and identify heat-tolerant corals, which is
itself a major challenge that has traditionally relied on obser-
vation during natural bleaching events [14–16], or low-
throughput experimental approaches requiring substantial
time and resources [17,18]. The difficulty in identifying toler-
ant corals efficiently, reproducibly or at scale has not only
limited their use in restoration programmes, but also hin-
dered general understanding of heat tolerance as a
quantitative, empirical trait.

Overcoming these challenges requires a better under-
standing of the natural variation in coral heat tolerance, the
distribution of heat-tolerant genotypes and phenotypes and
the degree to which heat tolerance is determined by a
coral’s genes, symbiotic interactions and environment.
There is extensive variation in coral heat tolerance across
latitudinal and environmental gradients [19–25], with popu-
lations from warmer locations having higher tolerance.
However, such differences can also occur over reefal scales
of just 10s to 100s of metres [26–28], indicating strong
selection across habitats and microenvironments over small
spatial scales, and/or an important role for acclimatization
[29,30]. Corals’ symbioses with Symbiodiniaceae can also
play an important role, with thermotolerant symbiont species
elevating bleaching thresholds by 1–2°C in corals that can
associate with them [14,31,32]. Yet, sometimes even adjacent
conspecifics hosting the same symbiont species show
dramatic differences in bleaching [16,33], indicating that
thermal tolerance varies at the individual level, determined
by the genotype of the coral host, its symbionts or their inter-
action [34]. Through this complexity, there is clear evidence
that the heat tolerance of individual corals varies significantly
[13,35–39]; however, we still lack robust, quantitative
descriptions of this phenotype and the factors underlying
its variation.
Recent work has focused on resolving fine-scale, empiri-
cal differences in the thermal tolerance of individual coral
genotypes [13,18,40], and the development of low-cost, field-
able methods for their large-scale determination. Specifically,
sets of portable experimental tanks termed coral bleaching
automated stress systems (CBASS; [28]), can facilitate the
application of standardized, rapid thermal tolerance assays
on corals in remote field settings. Importantly, these rapid,
acute assays can recapitulate outcomes of longer-term, ecolo-
gically relevant bleaching scenarios [24,41], indicating they
can be used to generate meaningful, quantitative and com-
parable metrics of thermal tolerance. Such efforts are now
beginning to be applied to broadly census thermal tolerance
in wild coral populations [42], from which the identification
of tolerant individuals could inform targeted nursery devel-
opment [13], and other active conservation interventions.

Here, we used CBASS to census thermal tolerance in
highly threatened staghorn corals from coral nurseries in
Florida, USA, that together represent the most extensive
single-species coral restoration programme in the world
[43]. The Caribbean staghorn coral Acropora cervicornis has
been decimated regionally since the early 1980s and is a
primary focal species in restoration efforts throughout the
region, including Florida, where nurseries propagate and
outplant tens of thousands of coral fragments to local reefs
annually [5,44,45]. We used CBASS on board a research
vessel to synoptically and quantitatively compare the thermal
tolerances of 229 colonies of A. cervicornis across six coral
nurseries from Broward County to the lower Florida Keys
(nurseries separated by approx. 250 km, with colonies orig-
inating from collection sites spanning approx. 400 km from
Broward to the Dry Tortugas). These corals represent an
ideal population in which to quantify variation in thermal
tolerance owing to coral genotype, because corals are
common-gardened in each nursery environment, and associ-
ate with the same algal symbiont species (Symbiodinium ‘fitti’)
across this gradient [46,47]. These results are critical for
optimizing ongoing and future restoration efforts that use
heat-tolerant corals, and understanding the evolutionary
potential of this threatened species under climate change.
2. Material and methods
During two ship-based research expeditions in August and
October 2020, we measured the thermal tolerance of 229 A. cervi-
cornis colonies from six coral nurseries along Florida’s Coral Reef
(figure 1a; electronic supplementary material, table S1). The nur-
series, from north to south, are operated by Nova Southeastern
University (NSU), the University of Miami (UM), the Coral Res-
toration Foundation (CRF), Reef Renewal (RR), the Florida Fish
and Wildlife Conservation Commission (FWC) and Mote
Marine Laboratory (MML). Thermal tolerance of nursery corals
was measured by CBASS [28], which are portable, field-
deployable experimental tanks used to apply rapid, acute heat
stress challenges (details below). Fragments of each coral
colony were independently exposed to each of eight temperature
stress profiles of increasing magnitude (with maximum tempera-
tures between 30 and 38°C; figure 1b) for 7 h, after which
maximum photochemical efficiency (Fv/Fm) was measured as
an indicator of each fragment’s stress response. These data
were used to construct a dose–response curve for each colony,
from which the effective dose of heat stress required to reduce
Fv/Fm by 50% (ED50 value; [41]) was calculated as a metric of
each colony’s thermal tolerance (figure 1c; details below).
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Figure 1. Study design for census of coral heat tolerance across Florida nurseries. (a) Locations of coral nurseries visited by the R/V Coral Reef II in August and
October 2020, and the number of coral individuals tested at each nursery (MML, Mote Marine Laboratory; FWC, Florida Fish and Wildlife Conservation Commission;
RR, Reef Renewal; CRF, Coral Restoration Foundation; UM, University of Miami; NSU, Nova Southeastern University; see the electronic supplementary material, table
S1 for details). (b) Temperature treatments for CBASS assays. Eight tanks were used to heat one fragment of each coral individual to eight different target temp-
eratures. (c) A dose–response curve modelling Fv/Fm (measured two times per fragment) as a function of maximum treatment temperature was fitted for each coral
individual to estimate ED50 (indicated by dashed line) as a metric of thermal tolerance. (Online version in colour.)
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(a) Coral bleaching automated stress systems set-up
and assay procedure

CBASS were constructed following the general design of Vool-
stra et al. [28], using beverage coolers (Coleman 24 Can Party
Stacker) partitioned into two independent halves (tanks) with
an acrylic divider. Each 8 l tank was equipped with one titanium
aquarium heater (Finnex TH-300 W) and two thermoelectric chil-
lers (Nova Tec IceProbe). Seawater was circulated within each
tank using a submersible powerhead (SUNSUN JVP 530 GPH),
and fresh incoming seawater was supplied to each tank at a
rate of approximately 1 ml s−1 (turnover = approx. 2.2 h). Light
was provided by LED aquarium lights (Phlizon 165 W) mounted
above each cooler and manually adjusted to provide 550 µmol
photons m−2 s−1 at the centre of each tank, measured at the
depth of the coral fragments with an underwater photosyntheti-
cally active radiation sensor (Apogee Instruments). Temperature
profiles (figure 1b) were executed by custom controllers
(ELEGOO Mega 2560) with temperature sensors (Vktech
DS18b20) activating the heaters and/or chillers as needed to
achieve prescribed set points. For the tanks heated to 34°C or
below on the October field expedition, Inkbird (ITC-308)
temperature controllers were used instead.

Temperatureprofiles consistedof a 30°Cbaseline temperature, a
3 h ramp up to a prescribed maximum temperature (ranging from
30°C to 38°C), a 3 h hold at the maximum temperature and a 1 h
ramp down to 30°C (figure 1b). Profiles were timed such that the
end of the maximum temperature hold period coincided with
local sunset, and the temperature ramped back down in darkness.
After returning to 30°C,Fv/Fmwasmeasured foreach coral fragment
using a DIVING-PAM-II (Walz, Effeltrich, Germany) chlorophyll
fluorometer. Fluorometer settings included: measuring light inten-
sity = 1, measuring light frequency (ML-F) = 4, ML-F high = off,
damping = 2,F0mode = off, saturatingpulse intensity = 8and satur-
atingpulsewidth = 0.8 s. Thegain settingwas adjusted asneeded to
produce an F0 measurement above 100. Two Fv/Fm measurements
were taken for each coral fragment (if possible depending on size),
from non-overlapping areas of tissue that were facing upward,
perpendicular to incident light.

(b) Coral bleaching automated stress systems
deployment and field operations

CBASS were set-up on the deck of the R/V Coral Reef II during
field expeditions to coral nurseries operated by NSU (August
2020), MML, FWC, RR, CRF and UM (October 2020; figure 1a;
electronic supplementary material, table S1). At each coral nur-
sery, divers collected eight fragments (or ramets; approx. 5 cm
each) from available genets of A. cervicornis from the nursery’s
long-term collection (n = 25–44 genets per nursery; figure 1a).
The total number of unique genet × nursery combinations (i.e.
‘colonies’) collected from was 229, comprising up to 172 genets
(some genets were present at multiple nurseries from historical
sharing of source material (electronic supplementary material,
figure S1)). Collected fragments were held prior to experimen-
tation in the ship’s 14000 l livewell system, which was
continuously filled with fresh oceanic seawater whenever
possible, and assayed within 1–2 days of collection.

Approximately 1 h before temperature ramping began, frag-
ments were placed into the experimental tanks, all at 30°C. One
fragment of each colony was placed in a consistent position in a
coordinate grid arrangement in each of eight tanks. Each tank
was set to follow a different temperature profile with maximum
target temperatures ranging from 30°C to 38°C in increments of
1°C (in August, 38°C was omitted, while in October, 31°C was
omitted; figure 1b). Each tank, therefore, contained one fragment
from all of the coral colonies in that run, which ranged from n =
13–22. In August, one system of eight tanks was used, while in
October, two systems of eight tanks were used, such that up to
44 colonies could be assayed in a single day.

Thermal stress assays followed the procedures outlined in the
previous section, and are depicted in figure 1b. Temperatures in
each tank throughout each run were recorded by the Vktech
temperature probes, or by HOBO pendants (MX2202) for Ink-
bird-controlled tanks. HOBO pendants were calibrated against
Vktech probes and logger-specific offsets were used to adjust
recorded data. At the end of each run, Fv/Fm was measured as
described in the previous section, with data collected from each
tank in random order.

(c) Coral bleaching automated stress systems data
analysis and ED50 calculations

For each coral fragment, one or two data records were generated
that included F0 (background fluorescence), Fm (maximum fluor-
escence) and Fv/Fm (maximum photochemical efficiency). All
data were processed in batches according to the CBASS assay
date. For each batch, an initial data pre-filtering step was applied
which removed any record with Fv/Fm greater than 0.75, and any
record from a high-stress treatment (greater than or equal to



20 NSU
10%

5%

0%

UM

CRF

RR

FWC

MML

15

10

5

0

35 36 37
ED50 (ºC)

35 36 37
ED50 (ºC)

35 36 37

mean = 35.98

s.d. = 0.38

n = 37
b

n = 41
ab

n = 44
bc

n = 42
c

n = 25
a

n = 40
b

ED50 (ºC) adjusted

no
. c

ol
on

ie
s

nu
rs

er
ie

s

pe
rc

en
ta

ge

(a) (b) (c)

Figure 2. Variation in coral thermal tolerance. (a) Total phenotypic variation plotted as the number of coral individuals with a given ED50 (bin size = 0.1°C),
coloured by nursery as in (b). (b) For each nursery (ordered by latitude; abbreviations as in figure 1), coloured points and probability density functions show
ED50 values for each colony, black diamonds and error bars show the mean ± s.d., and boxplots show the median, interquartile range (IQR) and range of
values within 1.5 * IQR. The grand mean is shown by the dashed vertical line. Nurseries that do not share a letter have significantly different mean ED50
values ( p < 0.01). The black ‘+’ in the RR nursery indicates the one colony dominated by Durusdinium. (c) Adjusted ED50 values, after subtracting variation
among nursery environments from total phenotypic variation; used to estimate the genetic (and genotype by environment) component of thermal tolerance.
This approximately normal distribution is shown scaled to the per cent of individuals with a given ED50adj (bin size = 0.1°C). (Online version in colour.)
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36°C) where both a high Fv/Fm and low F0 indicated a multi-
variate outlier by Mahalanobis distance. The latter filter was
applied to remove data points from severely bleached corals
where very low signal resulted in spuriously high Fv/Fm. After
pre-filtering, Fv/Fm data were then adjusted to account for the
physical position (i.e. coordinate grid location) of each coral
genet within each tank: the number of rows and columns from
the tank centre were used as linear predictors of Fv/Fm, and
residuals were added to the mean for each tank to generate
adjusted values. This step was taken to account for attenuation
of light towards tank edges that tended to result in higher Fv/Fm.

Dose–response curves (e.g. figure 1c) were then used to
model the decline in Fv/Fm as a function of the maximum treat-
ment temperature for each genet. The mean temperature
recorded during the 3 h hold period in each tank was used
rather than the target temperature because there were some
minor deviations from target values, particularly in the Ink-
bird-controlled tanks. Dose–response curves were fitted as
three-parameter log–logistic functions using the drc package
[48], with the following constraints on parameter values: maxi-
mum Fv/Fm= [0.55,0.72]; slope = [10,120]; ED50 = [30,40]. The
lower limit was set equal to zero. Based on initial model fits,
additional data filtering was performed to remove points with
Cook’s distance greater than 4/n (where n is the number of
data points for the colony), or with a positive residual exceeding
2 standard deviations. Dose–response curves were then re-fitted
with filtered data to generate parameter values (and standard
errors) for each colony. ED50 parameter values are interpreted
as the quantitative thermal tolerance phenotype for each colony
and are the primary metric used in downstream statistical ana-
lyses. All Fv /Fm data analysis and dose–response curve fitting
is detailed with R code in the accompanying data repository.
(d) Coral source colony locations and temperature
regimes

All A. cervicornis in coral nurseries were originally collected by
fragmenting wild source colonies on the reef, with source
colony latitude and longitude recorded at the time of collection.
For each of these sets of coordinates, we obtained satellite sea
surface temperature (SST) data. We used a 5 km resolution SST
dataset (Coral Reef Watch CoralTemp V3.1 1985–2012 climatol-
ogy; https://coralreefwatch.noaa.gov/product/5km/index_
5km_sst.php) to calculate maximum monthly mean (MMM)
temperatures as the average temperature of the hottest month
at each pixel. Source colony latitude, longitude and MMM
were then used to test for predictive relationships with thermal
tolerance phenotypes (see below).
(e) Symbiodiniaceae analysis
Small biopsies (approx. 0.5 cm2) were collected from healthy
tissue of each coral colony using nail clippers and preserved in
DNA buffer. DNA was extracted following a modified organic
extraction protocol, and Symbiodiniaceae were quantified using
genus-specific qPCR assays targeting Symbiodinium [49] and
Durusdinium [50] modified from the methods of [51]. Symbiont
to host cell ratios were quantified by normalization to the
single-copy CAM locus in A. cervicornis [51] with copy number
corrections for Symbiodiniaceae [50] and no fluorescence correc-
tions as PowerUp SYBR Green Master Mix (Applied Biosystems)
was used to detect the presence of host and symbiont loci.
( f ) Statistical analysis
The total phenotypic variation in thermal tolerance was visual-
ized as a histogram and kernel density estimate of ED50 values
of all coral individuals at all nurseries (figure 2a). From this,
we subtracted the variation owing to the environment (i.e. differ-
ences between nurseries), by calculating adjusted ED50 values
(ED50adj) as the grand mean plus residuals from nursery-
specific means (figure 2b). The resulting ED50adj distribution
was tested for normality using a Shapiro–Wilk test and summar-
ized in figure 2c. Differences in ED50 among nurseries (figure 2b)
were analysed using a Welch ANOVA, after Levene’s test indi-
cated unequal variances. Wilcoxon rank-sum tests were used
to test for pairwise differences between nurseries, with Bonfer-
roni adjusted p-values and α = 0.01. Relationships between
ED50adj and source colony locations, thermal regimes and
symbiont abundances were tested using linear models (figure 3).
Random samples (n = 10 000) of n genets from each nursery were
analysed with respect to the proportion of population ED50adj
deciles captured in the sample, and the mean probability they
contained greater than or equal to 1 thermotolerant genotype
(defined as ED50adj in the 75th percentile or higher across
the wider population; figure 4). Finally, we assessed reproduci-
bility of the CBASS-derived ED50 metrics by comparing data

https://coralreefwatch.noaa.gov/product/5km/index_5km_sst.php
https://coralreefwatch.noaa.gov/product/5km/index_5km_sst.php
https://coralreefwatch.noaa.gov/product/5km/index_5km_sst.php
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for 27 genotypes originating from the same nurseries (n = 21
from MML, n = 4 from FWC, n = 2 from UM) that were also
tested in an independent set of CBASS assays in June 2020 (see
the electronic supplementary material, Methods). The strength
of correlation between each genotype’s ED50 values from these
two sets of experiments was assessed by both Pearson’s and
Spearman’s rank-order correlation coefficients (figure 5).

(g) Data and code availability
All analyses were conducted using R v. 4.0.0 [52] in RSTUDIO

v. 1.3.1093 [53]. Figures were created using ggplot2 [54]. All
data and code are available on Github (github.com/jrcunning/
CBASS_FL_Acer) and archived at Zenodo (doi:10.5281/zenodo.
5526941).
3. Results
(a) Variation in thermal tolerance phenotypes
Thermal tolerance metrics (ED50 values) were generated for
229 coral colonies across the six nurseries, representing up to
172 unique genets (i.e. genetic individuals). Some genets
were represented at multiple nurseries (electronic supplemen-
tary material, figure S1), either because the source material
was directly shared among nurseries, or clonemates were pre-
viously identified by single nucleotide polymorphism
genotyping, and it is possible that additional unidentified clo-
nemates may exist. Total phenotypic variation in ED50 ranged
from 35.05°C to 37.62°C (range = 2.57°C), with a median value
of 35.92°C (figure 2a). After removing the effect of nursery
environment, the resulting distribution was approximately
normal (Shapiro–Wilk W = 0.987; p = 0.038) with a mean of
35.98°C and standard deviation of 0.38°C (figure 2c).
The variance in ED50 was not equal across nurseries
(Levene’s F5,223 = 4.15, p = 0.0013). Corals from CRF showed
the highest and lowest individual values, as well as the high-
est variation (s.d. = 0.464), while FWC corals showed the
lowest variation (s.d. = 0.205). Mean ED50 values also dif-
fered significantly across nurseries (Welch’s F5,102.39 = 28.30,
p < 0.0001). Mean ED50 was highest at RR, intermediate at
CRF, NSU, MML and UM, and lowest at FWC (figure 2b),
but these differences were not related to the nurseries’
MMM temperature. Approximately 37% (ω2 = 0.373) of the
total variance in ED50 was accounted for by nursery, and
the median pairwise difference between nursery averages
was 0.32°C.

After adjusting for these differences between nurseries,
we analysed factors that might explain differences within
nurseries, where most of the variation occurred. Variation
in Symbiodiniaceae genera had no effect, since all colonies
analysed (n = 182) hosted exclusively Symbiodinium, except
for a single individual from RR that was dominated by
Durusdinium (figure 2b). There was no relationship between
ED50adj and symbiont to host cell ratios ( p = 0.68). We then
tested for relationships between ED50adj and the locations
of the source colonies on the reef from which nursery frag-
ments were originally collected (electronic supplementary
material, figure S2). At this scale, we found no relationship
between ED50adj and source colonies’ latitude, longitude or
MMM temperature (figure 3a–c). None of these variables,
or their interactions, were significant predictors of thermal
tolerance. Instead, thermally tolerant phenotypes were
distributed throughout Florida’s Coral Reef (figure 3d ).

To assess the degree to which thermal tolerance pheno-
types are genetically fixed or environmentally plastic, we
compared ED50adj metrics from 33 coral genets that were pre-
sent at either two (n = 20), three (n = 12) or four (n = 1)
nurseries (electronic supplementary material, figure S3). We
found a strong positive correlation in ED50adj for 11 genets
maintained at MML and FWC (r = 0.66, p < 0.05), but no cor-
relation among measurements for genets shared between
other nurseries ( p > 0.05; electronic supplementary material,
figure S4).

(b) Capturing thermal tolerance variation in coral
collections

We analysed adjusted ED50 values to ask how many coral
genets would need to be randomly drawn from each nursery
to (i) capture a majority of the phenotypic variation in the
wider population, and (ii) include some of the most thermally
tolerant genets in the region. Seven to eight genets from any
of the nurseries would encompass, on average, over half of
the Florida population’s range in ED50adj (figure 4a). To
have a high probability (greater than 90%) of capturing at
least one tolerant genet relative to the wider population
(greater than 75th percentile ED50adj), six to seven genets
would need to be sampled from RR, UM, NSU or CRF, or
11 genets from MML and FWC (figure 4b).

(c) Reproducibility of thermal tolerance phenotypes
using coral bleaching automated stress systems

Of the coral genets tested using CBASS in October, 27 of the
same genets from the same nurseries were also tested in an
independent set of CBASS experiments (see the electronic
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supplementary material, Methods) in June of the same year,
allowing us to test reproducibility. We found a strong linear
relationship between the results obtained from the two inde-
pendent sets of experiments (figure 5), with a Pearson’s
correlation of 0.73, and Spearman’s rank-order correlation
of 0.76. Linear regression indicated the slope of the relation-
ship was 0.98, not significantly different from 1. However,
ED50 values measured in October were, on average, 0.51°C
higher than those measured in June.
35.0

35.5

35.5 36.0
ED50 (ºC) measured in June

E
D

50
 (

ºC
) 

m
ea

s

Figure 5. Correlation between independent CBASS runs on the same coral
genets sourced from the same nurseries. ED50 values measured in October
are plotted against ED50 values measured in June (n = 27 genets). Error
bars indicate the fitted parameter standard error. The solid line indicates a
linear model fit (slope = 0.98), while the dashed line indicates unity
( y = x). (Online version in colour.)
4. Discussion
This study represents, to our knowledge, the first large-scale
effort to quantify variability in thermal tolerance across a
population of the threatened Caribbean staghorn coral, A. cer-
vicornis. Using Fv/Fm ED50 as a standardized metric [41], we
found significant variation in thermal tolerance among 229
colonies, ranging from a minimum of 35.05°C to a maximum
of 37.62°C. While these temperatures are not representative of
the typical temperatures encountered by corals during a natu-
ral bleaching event, they do serve as reliable proxies of
relative thermal tolerance [28], allowing us to compare differ-
ences among individuals. The 2.57°C difference between the
least and most thermotolerant individuals found here is com-
parable to the 2.7°C difference in average ED50 observed
between two populations of Stylophora pistillata from the
northern and central Red Sea (34.1–36.8°C), also measured
using CBASS [24]. The latter populations are separated by
approximately 900 km and a MMM temperature gradient of
3.7°C (5 km data product), making it remarkable that the
Florida population, spanning just approximately 300 km
and only 1°C in MMM, contains an equivalent range in ther-
mal tolerance among individuals. The amount of variation
among individuals within other populations is unknown.

Because some of the variation in ED50 we observed may
be owing to acclimatization to distinct nursery environments,
we used the replicate common-garden nurseries to parse total
phenotypic variation into both environmental (i.e. variation
between nurseries), and genetic components (i.e. variation
within nurseries, which may also include genotype by
environment (GxE) effects). Nursery site explained 37% of
the total variation in ED50, and the differences between nur-
series, representing potential environmental acclimatization
effects, were generally small (median pairwise difference =
0.32°C). The average thermal tolerance at each nursery did
not correlate with their MMM temperatures, indicating no
straightforward thermal acclimatization response across this
range. The lowest mean thermal tolerance among nurseries
was observed at FWC in the Middle Keys. This could reflect
higher nutrient concentrations [55], or some other property of
the ‘inimical’ Florida Bay waters that preferentially impact
the Middle Keys [56,57] and may reduce thermal tolerance
[58,59].

By contrast to the relatively small differences in thermal
tolerance between nurseries, approximately 63% of the total
variation in thermal tolerance occurred within nurseries, pre-
sumably reflecting genetic differences among individuals
(although microhabitat, symbiont genotype or technical
variability may also be contributing factors). This finding
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indicates that each nursery already contains some individuals
that are relatively thermotolerant compared to the population
as a whole. These quantitative thermal tolerance rankings
represent immediately actionable information for nursery
and restoration programmes designed to increase climate
resilience [60]. For example, nurseries might choose to
increase propagation and outplanting of more thermotolerant
genotypes, because these may have a better chance for long-
term survival, and might contribute more heat-tolerant alleles
to local gene pools once they reach reproductive maturity.
Additionally, selective breeding efforts using nursery corals
might focus on crossing the most thermotolerant genets to
boost the resilience of sexual recruits used for restoration.
Such work will also enable calculation of heritability and
breeding values in order to predict the magnitude and
speed of generational changes in heat tolerance.

The finding of high variation within nurseries also indicates
that tolerant individuals are well distributed throughout the
wider population. Indeed, across this broad geographical
scale, we found that heat tolerance was not related to the lati-
tude, longitude or the temperature regime (based on satellite-
derived SSTs) of the original source colonies from which nur-
sery fragments were initially collected (figure 3). The lack of
any spatial or environmental patterns indicates that both ther-
mally tolerant and sensitive genotypes can be found
throughout the population, and that tolerant genotypes are
not restricted to any particular geographical range or thermal
regime within this region. This finding is consistent with Corn-
well et al. [42], who also found tolerant individuals distributed
across locations and reef types in Palau. If other coral popu-
lations are similar, then targeted nursery development or
other activities seeking to use tolerant individuals might
expect to be able to find and source these individuals locally.

Of course, if corals are moved into a new environment (or
sourced from distant locations), it is possible their thermal
tolerance might change, such that individuals which are
more tolerant in one environment might be less tolerant in
another [25,35]. Such GxE interactions could explain why gen-
otypes that were present at multiple nurseries in this study did
not always show the same ED50 values or even rank-order in
thermal tolerance (electronic supplementary material, figure
S3). For example, although the same genets represented at
both FWC and MML showed a strong positive correlation in
ED50, measurements on other paired genets from other nur-
series were uncorrelated (electronic supplementary material,
figure S4), which could reflect either technical variability or
GxE interactions. Because relatively few genets were shared
between nurseries it is hard to generalize from these results.
However, reciprocal transplant studies have shown that
corals typically maintain similar thermal tolerance even after
being moved to a new environment [13,61,62].

Considering the corals within each nursery as collections
from the wider population, we can ask how many genets
must be collected to capture a wide range of thermotolerance
phenotypes, and, in particular, to capture high-tolerance indi-
viduals. We found that 7–8 individuals from any nursery
encompass most (greater than 50%) of the thermal tolerance
range of the wider population and that 6–11 are very likely
(greater than 90%) to include at least one individual in the
top quartile of thermotolerance across the wider population
(figure 4b). These sample sizes broadly fall within the current
sampling recommendations for minimum nursery diversity
[60], indicating that broad representation of both genetic
and phenotypic variation can be captured with similar
effort, and further suggesting that phenotypic variation in
thermal tolerance is indeed strongly underpinned by genetic
variation. If other populations are structured similarly, this
information may guide general approaches to the sourcing
of corals for selective breeding, or targeted nursery develop-
ment, without requiring prior knowledge or determination of
individual phenotypes.

Direct determination of heat tolerance phenotypes using
CBASS holds great potential for advancing knowledge and
restoration activities, but it is critical to understand the
reliability and limitations of these tools. To test the reproduci-
bility of these thermal stress assays we performed two
independent CBASS assays on the same coral genets from
the same nurseries, but with different experimental systems,
in different locations, and several months apart (June versus
October). We found that ED50 values from the two assays
were highly correlated, indicating a reproducible tolerance
phenotype (figure 5). However, thermal tolerance was, on
average, 0.5°C higher in October than June, suggesting seaso-
nal acclimatization to recent summer maximum temperatures
(which typically occur in early September). Alternatively, this
offset could be owing to differences in experimental systems,
emphasizing the importance of rigorous methodological stan-
dardization [63] to enable comparison across CBASS studies.
Regardless, the highly correlated ED50 values, with a slope
of 1 (figure 5), indicate that CBASS can reliably distinguish
hierarchies of thermal tolerance among genets and compare
differences in the range in thermal tolerance across studies.
However, these findings also highlight significant challenges
for the merging and/or comparison of CBASS datasets gener-
ated from different field locations, experimental systems and/
or times of the year. Indeed, direct comparisons between
studies might require shared genotypes in order to provide
an internal standard. In this context, the synoptic nature of
the Florida-wide data presented here is noteworthy.

Quantitative thermal tolerance data are also critical for
efforts to identify genomic features associated with this
trait. Indeed, genome-wide association studies (GWAS) in
corals show promise in identifying loci associated with ther-
mal tolerance but have previously relied on bleaching
responses observed in situ in response to natural, hetero-
geneous stressors [25,64], adding uncertainty to the trait
data. The standardized, quantitative trait data provided by
CBASS and the Fv/Fm ED50 metric may significantly
improve future GWAS, and linking this phenotype with
whole-genome sequence data is an important next step in
uncovering the genomic determinants of thermal tolerance.

While this census of thermal tolerance across a managed
coral population represents a critical step forward in optimiz-
ing coral restoration, strategies that rely solely on single
phenotypic characters such as thermotolerance ignore the
possibility that high-performing genets might suffer from
trade-offs, e.g. lower disease resistance [18], slower growth
[65] or less rapid lesion healing [66] (but see [37]). Such trade-
offs may decrease the overall attractiveness of particular
genets and may be particularly important when some traits,
such as growth, impact valuable ecosystem services, such as
habitat construction or wave attenuation, that may also be
desired restoration goals. Consequently, thermotolerance,
although a critical factor in determining the long-term survivor-
ship of restored corals, is just one component of a restoration
strategy that must include diversity and variation as
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fundamental criteria to guard against unanticipated threats and
challenges [60]. Indeed, because the ultimate goal of coral res-
toration is to create self-sustaining multi-species communities,
ensuring that restoration strategies incorporate diversity while
still attempting to bias the next generation of corals in favour
of particular traits (whether they be increased thermal toler-
ance, disease resistance or growth rate), represents a defining
challenge. This is true regardless of whether the restoration
strategy depends on corals that are derived asexually (nursery
rearing and outplanting) or sexually (selective breeding).

In summary, this study reveals considerable variation in
thermal tolerance among A. cervicornis genotypes in the
world’s most extensive reef restoration programme, and this
variation is generally reflected at the scale of the individual nur-
sery. Similar censuses of thermal tolerance using CBASS could
be extended to neighbouring populations to compare how the
variation in heat tolerance in Florida compares to the region,
and advance our understanding of the evolutionary potential
of coral thermal tolerance under climate change. However,
care must be taken to ensure standardized practices to facilitate
cross-comparison among studies. In the meantime, our findings
suggest that locally available thermally tolerant individuals
could be used immediately to help boost the climate resilience
of restoration efforts across Florida’s Reef.
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