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Coral reefs are facing unprecedented mass bleaching and mortality events due
to marine heatwaves and climate change. To avoid extirpation, corals must
adapt. Individual variation in heat tolerance and its heritability underpin the
potential for coral adaptation. However, the magnitude of heat tolerance varia-
bility within coral populations is largely unresolved. We address this
knowledge gap by exposing corals from a single reef to an experimental
marine heatwave. We found that double the heat stress dosage was required
to induce bleaching in the most-tolerant 10%, compared to the least-tolerant
10% of the population. By the end of the heat stress exposure, all of the least-
tolerant corals were dead, whereas the most-tolerant remained alive. To
contextualize the scale of this result over the coming century, we show that
under an ambitious future emissions scenario, such differences in coral heat tol-
erance thresholds equate to up to 17 years delay until the onset of annual
bleaching and mortality conditions. However, this delay is limited to only 10
years under a high emissions scenario. Our results show substantial variability
in coral heat tolerancewhich suggests scope for natural or assisted evolution to
limit the impacts of climate change in the short-term. For coral reefs to persist
through the coming century, coral adaptation must keep pace with ocean
warming, and ambitious emissions reductions must be realized.
1. Introduction
Climate change is having profound impacts on marine ecosystems due to an
increased frequency and severity of marine heatwaves, including mass mortalities,
shifts in species distributions and altered ecological function and ecosystem services
[1]. Heat stress can alter organismphysiology, behaviour and fitness, and in extreme
cases directly cause mortality. Heat tolerance is often considered as a characteristic
trait of populations, species or genera [2].However, large trait differences are present
among individualswithin a population and this can arise through genetic [3], epige-
netic [4] and environmental effects [5]. Heat stress is predicted to worsen in the
coming decades, but it is unclear by how much and to what extent organisms will
adapt. Quantifying the extent of intrapopulation variability of heat tolerance (i.e.
the combined phenotypic responses that dictate survivorship to amarine heatwave)

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2022.0872&domain=pdf&date_stamp=2022-08-31
mailto:adrihumanes@gmail.com
https://doi.org/10.6084/m9.figshare.c.6158545
https://doi.org/10.6084/m9.figshare.c.6158545
http://orcid.org/
http://orcid.org/0000-0001-7962-2635
http://orcid.org/0000-0003-3712-6144
https://orcid.org/0000-0003-2416-9786
https://orcid.org/0000-0002-2979-7389
https://orcid.org/0000-0001-8621-7742
https://orcid.org/0000-0001-9163-9560
https://orcid.org/0000-0002-9417-3505
https://orcid.org/0000-0002-9768-7472
http://orcid.org/0000-0002-3804-1233
https://orcid.org/0000-0002-9714-9009
http://creativecommons.org/licenses/by/4.0/


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20220872

2
is fundamental to predicting impacts of oceanwarming, particu-
larly for long-lived sessile marine invertebrates that cannot
migrate to escapewarming andmust adapt to avoid extirpation.

Corals are highly susceptible to relatively small (approx.
1–2°C) but prolonged increases in sea temperatures above
those typical of the hottest month [6]. Heat stress results in
bleaching, the breakdown of the symbiosis between the coral
host and its symbiotic algal counterparts (Symbiodiniaceae).
This response depends on both the magnitude and duration of
heat stress, typically expressed as degree heating weeks (DHW,
°C-weeks) and calculated by accumulating positive temperature
anomalies relative to a coral stress baseline over a 12-week
movingwindow [7]. The likelihood of different corals surviving
an individual warming event (i.e. relative heat tolerance, RHT)
depends upon coral species [8], host genome [9], algal symbiont
species composition [10], the prokaryote microbiome [11], local
environmental conditions [12] and bleaching history [13]. With
increasingmass coral bleaching events across pantropical spatial
scales due to marine heatwaves, the persistence of some coral
taxa and ecosystems under projected climate change scenarios
is uncertain. As a result, there have increasingly been calls to
accelerate natural adaptation through active interventions such
as assisted evolution [14,15] which aims to increase the fre-
quency of specific adaptive traits across a population to
improve their future survivorship [16,17]. Both natural and arti-
ficial selection depend in part on there being sufficient standing
genetic variation in adaptive traits such as RHT.

Here we quantify heat tolerance variability within a coral
population and address the challenge of defining and identify-
ing heat-tolerant corals. Given the extent of projected ocean
warming and coral bleaching conditions [18], heat tolerance
is the trait most-likely to bolster coral reef resilience under cli-
mate change [9,19–22]. However, heat tolerance is a complex
multivariate trait. It is complex because it is influenced by
many genes and environmental factors [9], and multivariate
because no single phenotypic variable can account for the
variety of responses to different heat stress profiles [23].
Indeed, the type of response that an organism exhibits may
vary throughout the time course of an event, and an individual
that appears more heat tolerant at the start of an exposure may
appear susceptible at a later stage. In order to comprehensively
account for such exposure–time effects, we define heat toler-
ance as the combined bleaching and mortality response to
extended heatwave conditions. This definition accounts for
varying bleaching and mortality responses during the time
course of a temperature stress [24]. To allow a measure of
heat tolerance to reflect the duration of marine heatwaves
and mass bleaching events (weeks to months) [25], we used a
30-day long-term [26] experimental temperature profile. This
resulted in levels of accumulated heat stress broadly equivalent
to previous mass bleaching and mortality events in Palau
(electronic supplementary material, S5). To contextualize the
differences observed in heat tolerance among individuals
of the population, we extrapolated the results into projected
timings of onset of annual mass bleaching and mortality
conditions under two contrasting climate change scenarios.
2. Results
(a) Overall response to heat stress
The heat stress conditions used during the experiment were
sufficient to elicit a response in most of the fragments (96%,
n = 544). The response varied markedly from healthy (no
visible response; seen in 4% of the fragments) to partially
bleached, fully bleached, partially dead or completely dead
at the end of the experiment (30 days). The visible condition
of the coral fragments showed a similar range and time
course of responses to those that have been observed in
mass bleaching events over recent decades. Bleaching was
observed in almost three quarters (72%) of the heat-stressed
fragments, which on average spent 6 days bleached, whereas
13% changed their health status directly from apparently
healthy to dead between inspections. At the colony level
(n = 102), the mean time to effect (partially bleached,
bleached, partial mortality or death) was 21 days or 7°C-
weeks, equivalent to Alert Level 1 of the NOAA Coral Reef
Watch Bleaching Alert System [7].

(b) Categorical classification of heat tolerance
Amortality-based classification of the RHT assigned a third of
the colonies (29%) as highs (relatively high heat tolerance,
RHHT, p < 0.05) and a similar large proportion (30%) as lows
(relatively low heat tolerance, RLHT, p < 0.05), with the remain-
ing 40% unclassified (figure 1c). While the dosage of heat
required to elicit a bleaching and mortality response varied
substantially between lows and highs, there was little differ-
ence at bleaching onset between lows (6.6°C-weeks) and
highs (7.7°C-weeks). However, all replicates from lows were
dead by 7.3°C-weeks whereas all those from highs were still
alive at 9.4°C-weeks. These results were also reflected in
colony mean bleaching and mortality index (BMI) values
(range = 0–1), with colonies classified as highs having a signifi-
cantly lowermean BMI (0.08 ± 0.04 s.d.) than those classified as
lows (0.32 ± 0.10 s.d., Wilcoxon rank test W = 928, p < 0.001)
(figure 1c).

(c) Phenotypic responses to heat stress form distinct
groups

Clusters of distinct phenotypic response types are apparent
from colour and mortality index (CMI) profiles (figure 1a),
showing finer resolution health status changes than could
be detected by eye using BMI profiles (electronic supplemen-
tary material, S1A). The imaging basis of CMI can detect
colour changes long before bleaching is visually evident to
the observer (electronic supplementary material, S2). In the
CMI profiles, colonies classified as lows (RLHT) and with the
highest BMI values clustered together in two major groups
(nodes a and b, figure 1a), whereas colonies classified as
highs (RHHT) clustered in one major group (node c,
figure 1a). The comparison of profiles among groups revealed
different types of phenotypic responses to the heat stress. For
colonies classified with low heat tolerance at least three distinc-
tive response trajectories were apparent: (i) nodes d and e,
corresponding to colonies with the biggest changes in their
colour and survivorship status (i.e. CMI) from the beginning
till the end of the stress in comparison to colonies in any other
node, (ii) node f, grouping colonies with the greatest changes
in theirCMIat the beginningof the stress, but asDHWincreased
these changes were not as pronounced in relation to colonies in
other nodes (i.e. between approx. 3.9 and approx. 7.8°C-weeks
for nodes d and g), and, (iii) node g, with colonies that did not
show a substantial change in CMI until corals were exposed
approximately to 5.8°C-weeks. Correspondingly, high colonies



−
0

−
0.5

−
1.0

−
1.5

−
1.9

−
2.4

−
2.9

−
3.4

−
3.9

−
4.4

−
4.9

−
5.4

−
5.8

−
6.3

−
6.8

−
7.3

−
7.8

−
8.3

−
8.8

−
9.2

−
9.7

degree heating week (°C-weeks)

50–5
z-score

colour and mortality index (CMI)

relative
abundance (%)

co
lo

ny
 I

D

387
323
409
356
357
322
401
361
410
373
362
344
360
337
339
326
413
407
412
351
324
406
385
341
319
346
384
388
376
354
359
335
334
321
404
345
325
417
386
415
368
420
402
379
336
348
327
343
381
380
330
333
421
16

405
392
349
419
365
314
375
352
367
61

364
312
371
342
353
320
318
382
424
408
355
347
329
332
350
389
383
403
370
411
374
363
372
40

390
340
338
418
70
57

423
60

416
391
331
366
317
422

mean bleaching and
mortality index (BMI)

relative heat tolerance
based on mortality (RHT)

low (RLHT)

high (RHHT)

unclassified

(a)

(d)

(e)

(b)

(f)

(g)

(h)

(c)

(i)

symbiont taxa

Cladocopium spp.

Durisdinium spp.

no data available

(a) (b) (c)

0 0 0.1 0.2 0.3 0.4 0.525 50 75 100

Figure 1. Heat stress tolerances of 102 colonies exposed to a temperature stress event of long-term duration (30 days) and taxonomic composition of their associ-
ated Symbiodiniaceae. (a) Profile of CMI (rows) against accumulated heat stress (columns) expressed in degree heating weeks (DHW). (b) Symbiodiniaceae
populations associated with sampled corals. Bars show post quality control ( post-QC) ITS-2 sequences for each coral colony. For complete disclosure of the Sym-
biodiniaceae taxonomic resolution refer to electronic supplementary material, S3. (c) Bar chart for mean BMI ranked according to colonies position in the heat map in
(a). Colours indicate RHT of the colonies, with relative low heat-tolerant colonies indicated in blue, relative high heat-tolerant colonies indicated in red, and unclas-
sified colonies in grey. (Online version in colour.)
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exhibited two response types: (i) node h, grouping colonies that
were paler (had relatively higher CMI values) at the beginning
of the exposure but as the stress progressed these changes did
not lead to bleaching or mortality, while (ii) node i, correspond-
ing to colonies that did not show any major changes in their
relative status (i.e. z-scored CMI) throughout the heat stress.

(d) Symbiodiniaceae community composition and heat
tolerance

The Symbiodiniaceae community composition was domi-
nated by a single ITS-2 type profile, with 77% (n = 102) of
the examined colonies containing Cladocopium spp. (C40-C3-
C115-C40 h) as the major component. Equal numbers
(n = 20) of colonies identified as highs and lows contained
only this symbiont-type profile. A small proportion of
the remaining colonies (9%) had unique type profiles
(seven highs and two lows), but they were still dominated
by Cladocopium spp. (C40 variant). Three colonies contained
two distinct symbiont-type profiles, with the additional pres-
ence of minor components of either Cladocopium spp.
(C15 h variant n = 1) or Durisdinium spp. (either D1-D4-D1c-
D17d-D1r-D17c-D17e variant, n = 1; or D1-D4-D17d-D4c-
D17e-D1r-D17c, n = 1; figure 1b, electronic supplementary
material, S3). No significant relationship was observed
between the taxonomic composition of the Symbiodiniaceae
community and the RHT of the colonies (table 1; electronic
supplementary material, S4).



Table 1. Percentage of colonies within each dominant ITS-2 type profile according to their RHT classification (relative high heat tolerant, relative low heat
tolerant and unclassified) based on mortality.

ITS-2 high (RHHT) (%) low (RLHT) (%) unclassified (%) total (%)

C40-C3-C115-C40 h 20 20 37 77

C40-C3-C40j 2 4 3 9

C40-C40i-C3 3 0 1 4

C40-C3-C40i-C40j 0 2 2 4

C40-C15 h-C3-C115-C40 h 1 0 1 2

C40/C3 1 0 0 1

C40-C3-C40j and C15 1 0 0 1

C40-C3-C40j and D1-D4-D1c-D17d-D1r-D17c-D17e 1 0 0 1

C40-C3-C40j and D1-D4-D17d-D4c-D17e-D1r-D17c 0 0 1 1
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(e) Quantification of intrapopulation variation in heat
tolerance

Accumulated heat stress levels exceeding 8°C-weeks
(operational DHW, NOAA Coral Reef Watch) are typically
considered sufficient to cause severe bleaching and mortality
[7]. Using a conservative estimate of heat tolerance variability
(Δ DHWc) based on lows (all five fragments per colony in
temperature stress tanks dead at the end of the exposure;
n = 31 colonies) and highs (all five fragments in temperature
stress tanks alive at the end of exposure; n = 30 colonies),
highs were able to withstand an additional 2.87°C-weeks of
heat stress (2.16–3.77°C-weeks 95% confidence interval,
figure 2a) compared to lows at the highest equivalent BMI
reached. More substantial differences in heat tolerance
(Δ DHWp) were detectable by examining the population
tails. There was a difference of 4.84°C-weeks (3.12–6.77°C-
weeks 95% confidence intervals, figure 2b) between the
upper and lower deciles of the population, measured at the
highest equivalent BMI reached. For onset of bleaching
responses (i.e. low BMI values), corals in the most-tolerant
decile required double the heat stress dosage (approx. 8.5
DHW) compared with those in the least-tolerant decile
(approx. 4 DHW) (figure 2b).
( f ) Implications of variability under climate change
Based on future projections of coral bleaching heat stress
conditions (DHW) from 28 global climate models, the study
reef is projected to experience further warming throughout
the coming century (figure 3a). An empirical difference of
4.84°C-weeks was detected between the most and least-
tolerant decile of the population, which is greater than an
entire categorical shift in the NOAA bleaching alert levels
(Bleaching Warning: 0 < DHW less than 4, Bleaching Alert
Level 1: 4 ≤ DHW< 8, Bleaching Alert Level 2: DHW≥ 8).
Therefore, we simulated coral heat tolerances in future projec-
tions with bleaching-mortality thresholds of 4°C, 8°C and
12°C-weeks (figure 3b). Broadly, simulating corals with a
4°C-weeks higher heat tolerance translated to an additional
10 years until the onset of annual bleaching–mortality
(ABM) conditions, irrespective of the emission scenario
(SSP2–4.5 and SSP5-8.5 [27]). However, under the ambitious
SSP2-4.5 scenario, simulations suggested that the most heat-
tolerant corals (that survive up to 12°C-weeks) gained an
additional 17 years until onset of ABM conditions compared
to less-tolerant corals (that survive up to 8°C-weeks).
(g) Discussion
Despite a growing understanding that coral heat tolerance
may vary spatially [13], temporally [28], and among sym-
biont [29] and host taxa [24], relatively few studies [30–41]
have quantified within-population variability of heat toler-
ance. Among these previous studies, most have focused
solely on the bleaching responses to temperature stress
(usually short-term acute stress), with none addressing both
bleaching and mortality to heat stress conditions equivalent
to a marine heatwave. Addressing this knowledge gap is
critical to estimate the capacity of corals to adapt to predicted
warming. In this study, we demonstrate that intrapopulation
heat tolerance is highly variable, with the most-tolerant 10%
of colonies able to withstand an additional 4.8°C-weeks of
heat stress compared to the least-tolerant 10% before exhibit-
ing equivalent BMI response. We also estimate the impact
that climate mitigation can have on coral population persist-
ence given their heat tolerance variability. For the highest
level of coral heat tolerance simulated here (12°C-weeks),
an additional 7 years until onset of ABM conditions was
achieved by moving from SSP5-8.5 (+10 years) to SSP2 (+17
years, figure 3b). While our empirical experiments show
substantial intrapopulation variability in heat tolerance, our
projections based on simulated heat tolerance suggest that
the resulting differences are only able to substantially bolster
reef resilience if there is strong action on climate change.

Characterizing coral heat tolerance using temperature
stress assays is challenging. Firstly, no simple metric (e.g. phys-
iological variables, visual bleaching status, mortality) can
summarize the response of the coral holobiont to heat stress.
Secondly, no heat stress events are the same and the amount
of temperature stress experienced is a function of duration,
intensity and prior exposure, all of which vary stochastically
at a given location. Thirdly, the logistical constraints of main-
taining healthy corals or their fragments in mesocosms and
subjecting them to controlled temperature rises for sustained
periods (e.g. weeks to months), has resulted in only a few
studies attempting to emulate thermal trajectories associated
with past mass bleaching events (greater than or equal to 8
DHW) [42]. Finally, heat tolerance is a complex phenotypic
trait (non-Mendelian trait influenced by environmental and
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genetic factors), hence responses will be influenced by other
factors including health status prior to the onset of the heat
stress [43]. Most studies estimate interpopulation differences
in heat tolerance among corals from thermally distinct environ-
ments, such that higher levels of tolerance are associated
with temperature variability and warmer reefs [21,44], while
less attention has been given to intrapopulation variability.
Common metrics used to quantify coral heat tolerance under
laboratory conditions are associated with physiological
changes in the symbiont community when exposed to short-
term [26] heat stress (i.e. pigment concentrations, algal
symbiont density, reduction of the photosystem II efficiency,
microbiome community composition). However, there is little
available evidence that such variables measured in short-
term stress assays predict colony mortality during mass
bleaching events, indeed previous studies have reported that
bleaching status is not necessarily a strong predictor of later
mortality [24]. Results from the present study, emulating a
long-term heat stress, showed categorical variation in
responses within the population, with early responses (e.g.
bleaching, figure 1a) not always predicting coral mortality. To
project future population persistence and natural or assisted
evolution, more realistic temperature stress experiments
(i.e. long-term) are needed, with individual mortality as the
endpoint. Moreover, we should be cautious when using results
from temperature stress experiments to predict how corals will
respond to natural heatwaves, as responses under mesocosm
conditions will likely differ from individual colony responses
in their natural habitat with abiotic (e.g. oxygen concentration,
light, nutrient enrichment, water flow) and biotic (e.g.
predation, food availability, competition, diseases) factors poten-
tially interacting simultaneously. Future research should
consider validating experimental heat tolerance assignments
by tracking the same colonies during natural bleaching events.

Here we use the term RHT to compare the heat resistance
of individual colonies within the context of a specific
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temperature stress experiment. Importantly, this RHT may
change depending on the context and be defined by the iden-
tity of the colonies present in the exposure and the heat stress
profile used. Furthermore, corals will exist along a continuum
of heat tolerance phenotypes, where some colonies have
higher resistance to heat stress than others. Therefore, terms
like ‘super coral’, ‘resistant coral’ or ‘tolerant coral’ lack bio-
logical significance [45] as the tolerance of a colony is not
absolute and will be relative to the phenotypic response of
other individuals for the given stress. This study quantitat-
ively estimates RHT based on individual bleaching and
mortality responses as a function of heat stress (i.e. DHW).
The estimation of RHT is useful to: (i) understand the mech-
anisms underpinning variation in heat tolerance, (ii) select
colonies with desirable phenotypic traits for restoration and
conservation initiatives (i.e. establishment of nurseries, frag-
ment transplantation, selective breeding) assuming there is
a heritable genetic component to RHT, (iii) compare individ-
ual heat tolerances within and among populations, as well as
among species to estimate population adaptive potential,
design management and conservation plans to improve
their resilience under future ocean warming scenarios.
In this study, in order to overcome issues associated with
singlemetric variable responseswe used a combination of vari-
ables (i.e. colour change, health status, pigment concentration,
zooxanthellae density, mortality) to evaluate the phenotypic
response of corals to heat stress. The different analytical
approaches provided complementary information about indi-
vidual resistance to heat stress. By using a categorical RHT
classification combined with a continuous bleaching-mortality
index, we were able to quantify and characterize differences
in heat resistance among colonies (figure 2). Our results show
clear evidence that RHT of individual corals varies signifi-
cantly at the population level. There were several distinct
bleaching trajectories among colonies with similar RHT
(figure 1a) that may represent different physiological response
mechanisms or strategies [46]. Heat tolerance is a composite
multivariate phenotypic trait with multiple pathways to
improved trait performance within an individual or popu-
lation (e.g. the type and amount of energy reserves [43],
constitutive immunity [47], host and symbionts genotype
[33,48] and their interaction [47], gene frontloading [36], Sym-
biodiniaceae community diversity [49], switching [50] and
reshuffling [29,51], microbiome turnover [11]). It was beyond
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the scope of this study to investigate the underlying causes of
variation in heat tolerance, which would require sampling
before, during and after the exposure. However, the Symbiodi-
niaceae community prior to the heat stress was dominated by a
single ITS-2 type profile (C40-C3-C115-C40 h) which was
equally dominant in highs and lows. Although flexibility [49]
and diversity [52] of symbionts have been associated with
heat tolerance, in this intrapopulation study, initial symbiont
type does not explain the observed variation in RHT.

Our results show that wild coral populations have substan-
tial variation in heat tolerance, suggesting a reservoir of
adaptive potential to resist temperature stress due to climate
change [53]. Importantly, we do not explicitly model coral
adaptation in this study. Provided that the variation we
measured has a genetic basis, is heritable and is not associated
with resource trade-offs that compromise population fitness,
then our results suggest potential for adaptation through
natural or assisted evolution. Furthermore, previous mass
bleaching events might have already increased the frequency
of high tolerance colonies at the population level [54] through
processes like selective sweeps [20]. Restoration efforts that
include assisted evolution are being considered as interven-
tions to help coral populations to adapt to climate change,
but with a focus on assisted migration or assisted gene flow
between populations from different thermal environments
[15,19,20]. Our study suggests that assisted evolution restor-
ation initiatives could be effective using local colonies of the
target population instead. Sourcing more heat-tolerant corals
from within populations has several potential advantages
as it reduces: (i) the likelihood of maladaptation to other
local environmental variables [55], (ii) the risk of inadverten-
tly selecting different genetic variants or sub-species [56],
(iii) the probability of modifying genetic structures of native
local populations [57] (however see Jones [58]), (iv) the intro-
duction of pathogens or parasites that could compromise the
abundance and health of local species [59], (v) the ethical
[60], legal [60] and cost [61] implications associated with
translocating individuals among populations.

Globally, acroporid coral populations are projected to be
lost by the middle of this century, even under moderate emis-
sions scenarios [62–64]. However, such projections have not
accounted for variability in coral heat tolerance. Given that
acroporid corals typically have high population turnover
rates [65], this variability could lead to rapid adaptation
[53]. Here we show that the levels of variation in heat toler-
ance within a single Acropora population, can result in a
difference of at least 10–17 years until onset of ABM con-
ditions between the most and the least-tolerant corals. Since
severe bleaching conditions (8°C-weeks) are projected to
occur annually by 2032 within this population, such an
increase could almost double the remaining time that some
corals have until facing annual mass bleaching conditions.
The additional 10–17 years provides scope for population
adaptation to occur through either natural selection or
assisted evolution. While such a time frame will not mitigate
against the worst-case emissions scenario (SSP5–8.5), it may
allow coral reef ecosystems to adapt to warming, and
the lagged effects of climate mitigation to take effect
(i.e. carbon emission reduction and carbon sequestration).
While our projections are based on the current range of
DHW tolerance (which has arisen through historical adap-
tation), they do not account for future adaptation. We also
have not accounted for adaptation of the symbiont, or
symbiont shuffling, which have potential to increase tempera-
ture tolerance further [62]. Additionally, coral larvae may be
supplied through open dispersal from populations with ther-
mal histories that foster local coral heat tolerance [66].
Together these factors suggest that the additional 10–17 years
for more heat-tolerant corals in a population is likely an under-
estimate, offering optimism for the persistence of coral reefs in
the short-term (i.e. until 2050). For longer-term persistence,
urgent action on climate change is still needed.

In conclusion, this study quantified substantial variability
in heat tolerance in a single coral population. Although pre-
vious studies suggest that such variability may be common
[30–32], it has rarely been quantified at the population
scale. Our results improve the understanding on the extent
of the phenotypic pool available for both natural and artificial
selection. Coupling this knowledge with future climate pro-
jections provides policy relevant metrics that can directly
inform coral reef conservation and restoration actions.
3. Material and methods
(a) Collection of coral fragments and temperature stress

experimental set-up
Heat stress experiments were carried out at the Palau International
Coral Reef Center (PICRC) in the Republic of Palau located in
Western Pacific Ocean. The reef-building coral Acropora digitifera
(Dana, 1846), a widely distributed and abundant species on shal-
low reefs throughout the Indo-West Pacific, was used as the
study organism. Its digitate morphology facilitates fragment
removal for conducting stress assays. The source site for all
colonies was a shallow, exposed patch reef (Mascherchur, 07°170

29.300 N; 134°310 8.0000 E), where A. digitifera is abundant at
depths ranging between 0 and 4 m. The historic sea surface
temperature (SST) profile from Mascherchur reef for the period
1985–1995 (5 km grid cell from CoralTemp v3.1) ranged from
27.5°C to 29.7°C (daily average) with extreme high values reaching
30.7°C (upper 95% quantile, electronic supplementary material,
S5), the hottest periods of the year beingMay, June andNovember.
Mass coral bleaching in Palau has only been reported in 1998 and
2010 [67–69]. In Mascherchur, this was associated with maximum
daily SST of 31.1°C and 30.7°C, respectively. Both heatwaves
resulted in levels of accumulated heat stress of greater than or
equal to 6°C-weeks, which have not been reached since (electronic
supplementary material, S5).

To determine the RHT of 102 visibly healthy adult colonies a
30-day temperature stress experiment was performed. Between 9
and 13 April 2019, at least six fragments were excised from each
colony and transported by boat in 50 l seawater tanks to PICRC
(approx. 20 min boat travel time). On the day of collection frag-
ments were glued to aragonite substrata (approx. 20 mm
diameter, Oceans Wonders LLC) with ethyl cyanoacrylate gel
(Coraffix gel) and mounted into labelled plastic holders that
were attached to plexiglass racks (electronic supplementary
material, S7). Racks were placed into one of six experimental
tanks having one fragment per colony in each replicate tank.
Relevant National and State permits were obtained for the
collections (National Marine Research Permits: RE-19-08).

The temperature stress exposure started on 19April, allowing a
minimum of a 6-day recovery after fragment collection. Two temp-
erature levels were used: (a) ambient seawater temperature
conditions (29.09 ± 0.97°C, one procedural control tank with one
fragment from each colony), and (b) heat stress conditions where
temperature was increased gradually from approximately 29°C
to approximately 32.5°C in a 30-day period (+1°C on day 1, 4
and 8, and 0.5°C on day 21, five replicate tanks each with one
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fragment from each colony). If a fragment from a colony died in the
procedural control tank, we considered it an indication of handling
effects for that colony, so all fragments from that colony in the
stress tanks were removed from the experiment and the colony
was not assigned a heat tolerance score. For some colonies, an
additional fragment was added for pigment concentration and
symbiont density analysis. The level of accumulated heat stress
within each tank was monitored using an adaptation of the
degree heatingweek (DHW) algorithm.DHWreflects the intensity
and duration of heat stress events and is commonly linked to coral
bleaching responses [7,25]. Daily DHW values were calculated as
the rolling sum over a 12-week (84-day) period of positive SST
anomalies that are greater than 1°C above NOAA’s CoralTemp
v3.1 1985–2012 baseline (maximum of monthly means SST clima-
tology, MMM), then divided by seven to achieve weekly units. An
adjustment of the stress threshold temperature was performed to
ensure that heat stress levels in the tank experiment were compar-
able to heat stress levels measured in the commonly used satellite
data (electronic supplementary material, S6). Since reported mass
coral bleaching and mortality in 1998 and 2010 [67–69] in Palau
were associated with DHW≥ 6°C-weeks (https://coralreef-
watch.noaa.gov/product/vs/gauges/palau.php), we had an a
priori expectation for coral bleaching and mortality in the tank
experiment to occur at similar DHW levels.

To reflect a population mortality rate of 50% from a mass
bleaching event, when half of the fragments in each tank had
died, the experiment was ended for that tank. The status of each
fragment was visually inspected by the same observer every 3–5
days until first visual signs of change in pigmentation (day 10),
after which monitoring was conducted daily or every other day.
The status of each fragment was ranked as: 0) healthy (no signs
of discoloration or mortality), (1) partially bleached (when less
than 50% of the tissue was discoloured), (2) bleached (more than
50% of the tissue was discoloured), (3) partial mortality (when
less than 30% of coral tissue was lost) or, (4) dead (30–100% of
coral tissue was lost). Fragments were coded with consecutive
numbers so that the colony ID was unknown to the observer.
Alongside the status monitoring, digital images of the fragments
were taken using an Olympus TG5 camera. For imaging, the
mounted fragments together with a colour checker (X-Rite Color
Checker Passport Photo), were placed in a 10 l tank (electronic sup-
plementary material, S7) containing seawater at the corresponding
treatment temperature. The tank was placed inside a photography
light box (Amzdeal Foldable Photo Studio 16 × 16 Inch LED Light-
ing Box) to minimize light variability between images, and the
automatic shooting setting in the camera was used.

(b) Determination of heat stress categories
Four different but complementary approaches were used to
determine RHT of each colony:

(i) Mortality at the end of the experiment
RHT was determined by the endpoint mortality, 30 days after the
first temperature increase. Colonies with all replicate stressed
fragments alive were considered to have relatively high heat
tolerance (RHHT), whereas colonies with all stressed fragments
dead (100% mortality) were classified as having relatively
low heat tolerance (RLHT). Colonies that were not classified
either as RHHT or RLHT were considered as unclassified. For
brevity and ease of comprehension, we refer to RHHT colonies
as ‘highs’ and RLHT ones as ‘lows’ in the main text but one
should be clear that the terms are purely relative and pertain
to the particular stress test conducted [22]. Binomial theory
was used to estimate the likelihood of all fragments from an indi-
vidual colony either surviving or dying by chance based on the
overall mortality rate at the endpoint of the experiment (i.e. 50%;
electronic supplementary material, S9).
(ii) Mean bleaching and mortality index
At the end of the experiment a post hoc BMI (sensu [24]) was cal-
culated for each colony per sampling day as follows:

BMI ¼ 0c1 þ 1c2 þ 2c3 þ 3c4 þ 4c5
4

,

where c1 to c5 are the proportions of coral fragments that are in cat-
egories: apparently normal (c1), partially bleached (c2), totally
bleached (c3), partially dead (c4) or fully dead (c5). A mean BMI
value per colony was estimated by averaging daily BMI values.
Lower BMI values indicate better health status, whereas higher
BMI values indicate higher percentage of bleaching and mortality.

(iii) BMI profile
The aligned temperature profiles of each tank (electronic sup-
plementary material, S10) were used to calculate a mean BMI
(as described above) for the interpolated DHW data points.
The resulting matrix of BMI was subjected to a z-score transform-
ation (individually for each DHW data point) and visualized in a
form of heatmap using heatmap.2 R package. Hierarchical clus-
tering was used to arrange and group colonies according to
their stress response profile (distance measure - Euclidean,
agglomeration method-ward.D).

(iv) Colour and mortality index profile
The analysis described above is based on a subjective, visual
assessment of fragment status. While it is relatively easy to dis-
tinguish fragment mortality, it is much harder to consistently
distinguish bleaching severity using a visual assessment [70].
For this reason, we incorporated colour intensity in the analysis
(figure 1a) using the images taken during the status monitoring.
The colour intensity was calculated as a Euclidean distance from
0 in a three-dimensional space using the recorded red, green and
blue (RGB) intensity values at each time point for each individual
coral fragment. This metric was then used to recalculate the
status assessed by the visual approach. Colour intensity was
expressed as a fraction of maximum intensity (divided by the
highest value measured in the experiment and therefore, con-
tained in a range from 0 to 1) that replaced the status scores of
healthy, partially bleached, and bleached (status scores 0, 1 and
2, respectively). For partial mortality, the calculation was colour
intensity + 1 and dead fragments were given the maximum
score of 2. These recalculated values were then used to estimate
CMI or median status. The relationship between RGB values
and Symbiodiniaceae density or pigment concentration (total
chlorophyll) from 294 fragments was estimated to quantify the
relationship between colour intensity and zooxanthellae pigment
concentrations resulting in highly correlated relationships
(electronic supplementary material, S8).

(c) DNA isolation, Symbiodiniaceae ITS2 marker gene
sequencing, SymPortal analysis

From each colony, a 2 cm fragment was taken from the prior to
the heat stress reef and preserved in molecular grade ethanol.
DNA extracts (n = 96 colonies) were prepared using the Qiagen
DNeasy blood and tissue kit following themanufacturers protocol,
including overnight proteinase K digestion. ITS2 (Symbiodinia-
ceae) amplicon-based sequencing was performed on the Illumina
MiSeq following [71]. Briefly, the ITS2 primers SYM_VAR_5.8S2
(50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAATTG
CAGAACTCCGTGAACC-30) and SYM_VAR_REV (50-GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGCGGGTTCWCTTG-
TYTGACTTCATGC-30) (Illumina adaptors underlined) were used
in a first-round PCR to amplify a approximately 450 bp fragment
of the ribosomal ITS-2 region. Samples were then indexed using
IlluminaNexteraDNAunique dual indexes andunderwent quality

https://coralreefwatch.noaa.gov/product/vs/gauges/palau.php
https://coralreefwatch.noaa.gov/product/vs/gauges/palau.php
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control using the Nanondrop One C assay and size assessment
using the Tapestation 4200D1000. The pooled equilibrated samples
were run on as paired end reads on an Illumina MiSeq v3 with
addition of 20% PhiX control’ Cambridge, UK. ITS2 sequence
data were submitted to Symportal [72] and the raw sequence
reads are publicly available. We then calculated the relative
abundance of different ITS2 profiles within each colony. The
association of symbiont community type on RHT were tested
using principal component analysis (electronic supplementary
material, S4).

(d) Quantifying variation in heat tolerance
Variation in coral heat tolerance was calculated as the difference
in DHW between the more-tolerant and less-tolerant portions of
the coral population (ΔDHW) at the highest level of BMI for
which 95% confidence intervals were available for both portions.
A conservative estimate of ΔDHW (ΔDHWc) was computed by
comparing all coral colonies classified as either RHHT (n = 30
colonies) or RLHT (n = 31 colonies). First, the phenotypic bleach-
ing and mortality response (BMI) was modelled as a function of
DHW (continuous fixed effect), RHT category (two-level fixed
effect) and their interaction using a binomial generalized linear
mixed model (GLMM) [73]. Repeated measures were accounted
for by allowing intercepts to vary randomly per colony. Then,
ΔDHWc was calculated as the difference between DHW values
(mean and 95% confidence intervals) associated with a fixed
BMI response level between the RHHT and RLHT groups. The
BMI level used for comparison was set as close to 0.5 as possible,
given the low BMI values for the modelled uncertainty of the
RHHT group (many of which were still healthy at the end of
the experiment).

Since ΔDHWc probably underestimates the realized popu-
lation-level ΔDHW (ΔDHWp), a further stepwise reduction in the
number of colonies within each RHT group was conducted. This
method involved repeating the analysis for progressively smaller
sample sizes, where at each iteration, the colony closest to the
population average heat tolerance (in terms of mean BMI) was
removed from each RHT group (Nt ¼ Nt�1 � 1), a new GLMM
model was run, and new ΔDHW estimated. The stepwise
reduction method was repeated until the upper and lower deciles
of the population were reached (n = 10 in each RHT group),
beyond which sample sizes were too low to draw conclusions.

(e) Timing of annual bleaching–mortality conditions
The timing of onset of ABM conditions for the natal reef of the
experimental colonies was estimated based on ΔDHWp. Future
projections of DHW on coral reefs for the 0.25° grid cell sur-
rounding Mascherchur reef were compiled from an ensemble
of GCMs from the CMIP6 for two Shared Socioeconomic Scen-
arios (SSPs) [18]: SSP2-4.5 (24 models, meeting 150% of Paris
Agreement pledges) and SSP5-8.5 (28 models, worst-case scen-
ario, growing world economy heavily dependent on fossil fuels
[27]). In these projections, future DHW was calculated as the
sum of positive anomalies above the MMM for each
three months in the 2015–2100 period [18]. Using these projec-
tions, we estimated the additional time that higher levels of
coral heat tolerance is likely to achieve under climate change in
comparison to lower levels of coral heat tolerance. The year of
onset of ABM was calculated as the first year in which the
entire coming decade exceeds the bleaching-mortality DHW
threshold annually. To simulate differences between high and
low levels of coral heat tolerance, three separate bleaching-
mortality thresholds were imposed (4°C, 8°C and 12°C-weeks).
These thresholds also reflect the bleaching and mortality risk
levels of the NOAA Coral Reef Watch Bleaching Alert System.
Differences in the timing of ABM onset among bleaching
thresholds (three-level fixed effect), emissions scenarios (two-
level fixed effect) and their interaction were tested using a
linear mixed model (LMM) [74]. Repeated measures within
each GCM were accounted for by allowing a random intercept
per GCM.
Data accessibility. All R and Python code can be found at https://doi.
org/10.5281/zenodo.6256164 [75], and all images for machine learn-
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