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1  |  INTRODUC TION

A significant number of interventions to increase coral reef resil-
ience involve finding, protecting, breeding, or propagating heat- 
resistant corals (NAS, 2019). However, interventions based on heat 
resistance also have associated risks. First, it is likely that heat re-
sistance is not the only driver of future coral reef health (Kornder 

et al., 2018), and selection for heat- resistant colonies is not guar-
anteed to enhance other attributes needed in the future, such as 
disease susceptibility, growth, or reproduction (Muller et al., 2018, 
2020; NAS, 2019). Second, evolutionary theory predicts that genes 
in a population leading to coral heat resistance are likely to confer 
disadvantages as well; otherwise, all corals would have these high- 
resistant genotypes (Calosi et al., 2016). As a result, there may be 
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Abstract
The prevalence of global coral bleaching has focused much attention on the possibil-
ity of interventions to increase heat resistance. However, if high heat resistance is 
linked to fitness tradeoffs that may disadvantage corals in other areas, then a more 
holistic view of heat resilience may be beneficial. In particular, overall resilience of a 
species to heat stress is likely to be the product of both resistance to heat and re-
covery from heat stress. Here, we investigate heat resistance and recovery among 
individual Acropora hyacinthus colonies in Palau. We divided corals into low, moder-
ate, and high heat resistance categories based on the number of days (4– 9) needed 
to reach significant pigmentation loss due to experimental heat stress. Afterward, we 
deployed corals back onto a reef in a common garden 6- month recovery experiment 
that monitored chlorophyll a, mortality, and skeletal growth. Heat resistance was 
negatively correlated with mortality during early recovery (0– 1 month) but not late 
recovery (4– 6 months), and chlorophyll a concentration recovered in heat- stressed 
corals by 1- month postbleaching. However, moderate- resistance corals had signifi-
cantly greater skeletal growth than high- resistance corals by 4 months of recovery. 
High-  and low- resistance corals on average did not exhibit skeletal growth within the 
observed recovery period. These data suggest complex tradeoffs may exist between 
coral heat resistance and recovery and highlight the importance of incorporating mul-
tiple aspects of resilience into future reef management programs.
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negative correlations between heat resistance and other features 
of coral fitness. For example, tradeoffs between heat resistance 
and growth have been previously reported (Cornwell et al., 2021; 
Mieog et al., 2009), though this can be habitat (Bay & Palumbi, 2017) 
or species- dependent (Morikawa & Palumbi, 2019). Third, heat 
resistance is just one aspect of coral resilience, especially as heat 
stress- induced bleaching is expected to increase (Hoegh- Guldberg 
et al., 2007; Hughes et al., 2003, 2017, 2018; Pandolfi et al., 2011), 
and high heat- resistant corals currently residing in hotter reef envi-
ronments are predicted to exhibit differences in heat tolerance and 
resilience in future warmer climates (Voolstra et al., 2021).

The concept of resilience in the face of environmental stress has 
been linked to two critical features: resistance and recovery (Levin & 
Lubchenco, 2008). Resistance is defined as the ability of ecosystems, 
populations, or individuals to withstand negative impacts of extrin-
sic disturbances, whereas recovery is the ability to rebound after 
sustaining damage due to stress (Levin & Lubchenco, 2008). When 
applied to coral stress resilience, this suggests that there are primary 
roles for both resistance and recovery differences in establishing the 
thermal resilience of individual corals. The functional importance of 
resistance and recovery suggests that their correlation is also funda-
mental to resilience dynamics. There is high intra-  and interspecific 
variation in coral heat stress resistance (e.g., Cornwell et al., 2021; 
Morikawa & Palumbi, 2019; Schoepf et al., 2019; Thomas et al., 2018; 
Ulstrup et al., 2006) and recovery (e.g., Matsuda et al., 2020; 
Rodrigues & Grottoli, 2007; Schoepf, Grottoli, et al., 2015; Schoepf, 
Stat, et al., 2015; Walker et al., 2022), which allows for assays that 
can harness variation to evaluate heat stress resistance and recov-
ery in tandem. Further, the coral holobiont transcriptome responds 
rapidly and significantly to heat stress (Savary et al., 2021; Seneca & 
Palumbi, 2015; Traylor- Knowles et al., 2017), and correlates of faster 
recovery differ from transcriptome correlates of higher resistance 
(Thomas & Palumbi, 2017; Thomas et al., 2019), suggesting that 
components of the underlying genetic mechanisms of resistance and 
recovery differ. Mechanistically, higher endosymbiont chlorophyll, 
host energy reserves (i.e., lipids, carbohydrates, and proteins), and 
symbiont population growth rates decrease recovery times (Grottoli 
et al., 2017; Levas et al., 2013, 2018; Rodrigues & Grottoli, 2007; 
Schoepf, Grottoli, et al., 2015; Schoepf, Stat, et al., 2015). These 
basic features of coral holobiont metabolism and the coral- symbiont 
mutualistic relationship may also increase resistance, generating 
positive correlations (Grottoli et al., 2014; Huffmyer et al., 2021; 
Schoepf, Grottoli, et al., 2015; Schoepf, Stat, et al., 2015; Thornhill 
et al., 2011).

In corals, comparisons of heat resistance and recovery suggest 
both positive and negative relationships between and within spe-
cies. Faster recovery and lower mortality have been observed in 
thermally tolerant compared to thermally sensitive coral species 
following a natural heating event (Matsuda et al., 2020; Thomas 
et al., 2019). Other findings have suggested a negative relation-
ship between species' skeletal growth rates and thermal tolerance 
(Carpenter et al., 2008; Rodrigues & Grottoli, 2007). Previously, it 
was found that 5 months after a natural bleaching event, Acropora 
hyacinthus high heat- resistant individuals (i.e., no visual signs of 

bleaching) had higher energy reserves, a higher likelihood of con-
taining gametes and higher amounts of oocytes per polyp compared 
to low heat- resistant individuals (i.e., visible bleaching) who had vis-
ibly recovered (Leinbach et al., 2021). However, it remains largely 
unclear how heat resistance capacity is linked to heat recovery, or to 
fitness traits such as skeletal growth and reproduction.

Few studies to date have explicitly compared resistance and 
recovery among a set of coral colonies within a species (Leinbach 
et al., 2021; Matsuda et al., 2020; Morikawa & Palumbi, 2019; Walker 
et al., 2022). A consistent and important limitation of these compar-
isons is that corals with different levels of heat stress resistance ex-
perience the same amount of heat exposure, meaning that recovery 
is monitored in corals that sustained different levels of heat stress 
and bleaching. For example, highly heat- resistant A. hyacinthus cor-
als with little to no bleaching were shown to have significantly less 
mortality during the first 2 months of recovery compared to severely 
bleached low- resistant corals after a standardized short- term heat 
stress assay (Walker et al., 2022). In these experiments, like many 
others, there are two variables among colonies— the level of heat re-
sistance and the level of bleaching— making it difficult to assess what 
is driving differences in recovery traits. As a result, it remains poorly 
understood whether high heat- resistant corals can effectively re-
cover when they eventually bleach, and if low heat- resistant corals 
can recover well after bleaching. Therefore, it is important to evalu-
ate recovery in corals with varying levels of heat stress resistance, in 
which individuals experienced different amounts of heat exposure 
time to achieve a similar degree of bleaching.

Here, we present the first study to investigate links between 
heat stress resistance and recovery in corals that sustained similar 
levels of bleaching. We subjected 39 tabletop corals (A. hyacinthus) 
to repeated, short- term heat stress (1– 9 days) until moderate bleach-
ing was observed. We recorded relative bleaching resistance as the 
number of days to bleach. After corals were comparably bleached, 
we transplanted ramets from the 27 surviving coral colonies back 
onto their native reef environment in a common garden setting and 
tracked chlorophyll a content, mortality, and skeletal growth in a 6- 
month recovery experiment. Our results show that genets with dif-
ferent levels of heat resistance restored chlorophyll a content within 
1 month of recovery, and that heat resistance and mortality are 
negatively correlated. However, high-  and low- resistant corals had 
much slower poststress skeletal growth rates than did moderately 
resistant corals. Therefore, we provide evidence to suggest that the 
highest heat stress- resistant corals might not exhibit the highest 
heat stress recovery when bleaching is induced.

2  |  MATERIAL S AND METHODS

2.1  |  Site description and sample collection

We collected branches from 39 A. hyacinthus colonies located on 
two sections of Double Reef in the Indo- Pacific archipelago of 
Palau's southern lagoon (Patch Reefs 7 and 9 in Cornwell et al., 2021; 
Walker et al., 2022). All colonies were within 1.5 km of each other 
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(Figure 1a), and we confirmed no colonies were identical using single 
nucleotide polymorphism genotypes called from transcriptome data 
(BioProject accession number PRJNA872206 in the NCBI BioProject 
database https://www.ncbi.nlm.nih.gov/biopr oject/). Collection 
took place on July 18, 2019 and the fragments were bubble- wrapped 
(Delbeek, 2008) and then transported via a 15 min boat ride to the 
Palau International Coral Reef Center (PICRC) for holding and heat 
stress experimentation. Upon returning to PICRC, fragments were 
placed into a 760 L holding tank outfitted with pumps (water turn-
over 1 full volume h−1) that received natural sunlight and ambient 
temperature (28– 30°C) seawater from the surrounding southern 
lagoon. These fragments were clipped into 20 ramets per colony 
genet (~8 cm from base to the tallest branch)— 10 control and 10 
heated ramets (Figure 2). Twenty out of 39 coral colony genets were 
randomly chosen the following day to begin the acute heat stress 

experiment, due to space limitation in heat stress tanks. As initial 
genets were removed due to mortality or bleaching, the remaining 
19 genets were added to the heat stress tanks as space allowed (3 
colonies on 7/20/19 and 16 colonies on 7/21/19, further details in 
Appendix S1).

2.2  |  Heat stress experiment

There were two heated and two control tanks, each ~250 L. The 
tank setup consisted of heaters (100 and 300 W), a submersible 
pump (~280 L h−1), and a temperature controller (Inkbird ITC- 308). 
The heat stress experiment ran continuously over 11 days using a 
cyclical daily heat ramp system. The daily heat treatments ramped 
from 30 to 34.5°C over 3 h (10:00 AM– 1:00 PM), held at 34.5°C for 

F I G U R E  1  Geographic distribution of all coral colonies and temperature data. (a) ArcGIS- generated map of double reef, located in 
the southern lagoon of Palau. The two patch reef sections were labeled patch reef 7 (on the righthand side, approximately N 7.29190 
E 134.51034) and patch reef 9 (on the left, approximately N 7.29045 E 134.50325) in a previous widespread heat resistance mapping 
study (Cornwell et al., 2021). All corals were located within 1.5 km of each other, and each heat resistance category (high, moderate, and 
low) was represented on each patch reef, as well as corals that died during the heat stress experiment. The 6- month recovery common 
garden experiment took place on patch reef 9 (N 7.29106, E 134.50215). (b) Timeseries plot of patch reef 7 and 9 temperature data 1 year 
prior to colony collection and during the recovery experiment period (August 19, 2018– January 20, 2020). We did not have available reef 
temperature data on January 19– February 10, 2019, July 18– August 30, 2019, or January 21– 29 2020. (c) Timeseries plot of the 4 common 
garden concrete pads during 4 months of the recovery experiment (July 20, 2018– November 18, 2019). The plot includes vertical lines 
to highlight data collection timepoints: 1, recovery Day 0 (i.e., common garden deployment); 2, recovery Week 1; 3, recovery Week 2; 4, 
recovery Week 3; 5, recovery Month 1; 6, recovery Month 4. Temperature data at the common garden sites were unavailable during months 
4– 6 of the recovery period (November 19, 2019– January 29, 2020).

https://www.ncbi.nlm.nih.gov/bioproject/
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3 h (1:00 PM– 4:00 PM), and then ramped down over 1 h to 30°C 
and were held until the following day to repeat the ramp (Figure 2). 
The control tank setup was identical except water temperature was 
maintained at 30°C.

We targeted moderate bleaching in the heat stress experiment. 
Each morning prior to the heat ramp, two observers assessed all 
ramets for bleaching using a visual bleaching score metric: (1) no 
bleaching, (2) visible but minimal bleaching, (3) moderate bleaching, 
(4) severe bleaching, and (5) total bleaching (Cornwell et al., 2021; 
Walker et al., 2022). The visual bleaching score was used to initially 
determine when colonies were sufficiently bleached to remove from 
the heat stress experiment. Visual assessment of moderate bleach-
ing was corroborated with chlorophyll a concentration, in which one 
control and heat- stressed ramet per genet were sacrificed following 
removal (see Figure 4 and Appendix S1). We evaluated relative heat 
resistance based on the number of days to bleach. We also created 
three broad categories of relative heat resistance from this data: 
low, moderate, and high resistance (Figure 2, and see Appendix S1, 
also described in the first results section). Individual ramets were 
removed after moderate bleaching. In cases when intra- colony ra-
mets were removed on different days, we determined genet heat 
resistance based on average number of days to bleach (Figure 2). We 
also monitored mortality based on complete absence of coral tissue 
on the skeleton. Genets were removed from the heat stress experi-
ment and discarded if 5 or more heated and/or control ramets died.

We also note that mortality of all control samples occurred in 
one heat stress experiment control tank on July 27, 2019 (only five 
genets remained), possibly due to an unknown disease or other issue 
in the one isolated tank. The two heated tanks and other control 
tank were not affected. We re- collected ramets from those same 
colonies from the field (see Appendix S1) and deployed them onto 
the reef common garden. These control samples were not buoyantly 
weighed before deployment.

2.3  |  Common garden deployment and 
recovery experiment

Following the heat stress experiment, bleached and control 
ramets were returned to the large ambient temperature holding 
tank. Ramets were epoxied at the base to a plastic bolt and se-
cured to plastic egg crates, so that one ramet per colony genet 
was represented on each egg crate. Controls and bleached ramets 
were placed on separate egg crates. Recovery panel egg crates 
were deployed onto Double Reef (Patch Reef 9, N 7.29106, E 
134.50215) on July 29, 2019. Four egg crates each were cable tied 
to ~45 kg concrete pads, totaling 16 egg crates on 4 concrete pads 
separated by approximately 10– 20 m. Temperature at all concrete 
pads was recorded at 10 min intervals from July 20 to November 
18, 2019 (HOBO, OnSet Computing). We also utilized available 

F I G U R E  2  Heat stress resistance and recovery experiment design. (a) Daily heat stress ramp protocol. Heated ramets in the heat stress 
experiment ramped from 30 to 34.5°C then back down to 30°C daily, and controls were maintained at 30°C. Heated ramets remained in the 
heat stress experiment daily ramp cycle for however many days necessary to reach moderate bleaching (see Section 2; described in Walker 
et al., 2022). (b) Violin chart of days to reach target moderate bleaching across all genets, based on average number of days ramets bleached. 
Genets were divided into 3 equal broad heat resistance categories (high, moderate, low), based on average number of days ramets needed 
to bleach. Genets with excessive control and/or heated ramet mortality were also removed during the heat stress experiment. Coral Colony 
IDs (x- axis) correspond to unique tags that were used to distinguish genets in the field and during the experiments. Colonies that begin with 
“7.” or labeled 002- 010 came from patch reef 7, while others with “9.” or labeled 011- 020 came from patch reef 9 (Cornwell et al., 2021; 
Walker et al., 2022). (c) Simplified timeline of sampling timepoints during the heat stress resistance and recovery experiments. The heat 
stress experiment was conducted in the laboratory, and then ramets were deployed onto a reef common garden environment for the 
recovery experiment. Ramet mortality was recorded at all timepoints, chlorophyll a and buoyant weight were measured at select poststress 
timepoints (**), and chlorophyll a was additionally measured prestress (*).
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average temperature data for Double Reef August 19, 2018 to 
January 20, 2020 (Palumbi, 2021). Temperature data show that 
99.4% of all recorded counts were below 32°C, and there were 
no severe heating events in the year prior to the heat stress ex-
periment (Figure 1b). Similarly, the recovery experiment thermal 
environment did not exceed 32°C (Figure 1c). The common garden 
environment was chosen to limit environmental variation during 
stress recovery. The recovery experiment spanned 6 months fol-
lowing common garden deployment. We monitored heated and 
control ramet total mortality on all egg crates at the following 
common garden timepoints: Day 0 (7/29), weekly for 1– 4 weeks 
(8/5, 8/12, 8/20, 8/27), 4 months (11/18), and 6 months (1/29/20).

2.4  |  Physiological analyses

One control and heat- stressed ramet per genet were randomly re-
moved for destructive sampling (buoyant weight and chlorophyll 
a) at the following timepoints: preheat stress (just Chl a), 16 h 
postheat stress (just Chl a), and 2 weeks, 1 month, and 4 months 
after recovery common garden deployment (Figure 2). All ramets 
were nondestructively buoyantly weighed after the heat stress 
experiment but prior to common garden deployment for baseline 
skeletal weight (Jokiel et al., 1978). The percent change between 
buoyant weight at the recovery sampling timepoint and immedi-
ately postheat stress represented net calcification. Chlorophyll a 
was extracted at Hopkins Marine Station, USA from a clipped coral 
branch tip (~5 cm length) preserved in RNAlater. Samples were 
submerged in a vial with 4 ml of 95% EtOH for 10 min in dark-
ness and centrifuged for 20 min at 4000 rpm. Spectrophotometric 
analyses of chlorophyll a were conducted using a universal quad-
richroic equation (Ritchie, 2008). Chlorophyll a content was meas-
ured as heated divided by control ramet Chl a concentration and 
standardized to ramet surface area. Surface area was calculated 
in ImageJ (Schneider et al., 2012) by using cylindrical surface area 
(SA = 2πrh + 2πr2) as a proxy for individual branches within a ramet. 
It has been previously demonstrated that software such as ImageJ 
can be used for accurate surface area measurements on organisms 
with complex and irregular shapes, by breaking down parts into 
geometric figures for analysis (El- Khaled et al., 2022; McLachlan 
et al., 2022; McLachlan & Grottoli, 2021). We further evaluated 
this metric by comparing ImageJ surface area values versus wax 
dipping (Veal et al., 2010), in an independent set of 50 A. hyacin-
thus coral fragments. The two methods were highly correlated (lin-
ear regression, p = 7.808 e−16, adjusted R2 = 0.7446, Figure S1) and 
confirmed the validity of ImageJ- generated surface area values.

2.5  |  Statistical analyses

All analyses were performed while using R software v4.2.0. Analyses 
were performed on mortality, chlorophyll, and skeletal weight data. 

We performed binomial linear mixed effects models to determine 
whether there was a significant relationship between mortality 
throughout the recovery period and genet heat resistance— based 
on number of days to bleach. Linear mixed effects models were 
generated for each postheat stress timepoint (16 h postheat stress, 
and then Day 0, Week 1, Week 2, Week 3, Month 1, Month 4, and 
Month 6 common garden recovery timepoints) with reef location, 
common garden concrete pad position, genotype, and control mor-
tality included as random effects (lme4 package, v1.1- 29 in R); mar-
ginal R2 values were also included for all models (sjstats package, 
v0.18.1). We also generated a mixed effects Cox proportional haz-
ards model to determine likelihood of ramet survival throughout the 
recovery period depending on heat resistance category (low, mod-
erate, or high) and genotype, including control survival as a random 
effect (coxme package, v2.2- 17 in R). Chlorophyll a concentration 
differences during pre-  and post- (~16 h post, then recovery Week 
2, Month 1, and Month 4) heat stress timepoints were evaluated 
using Kruskal– Wallis and post hoc pairwise Wilcox tests (p < 0.05, 
fdr). To compare skeletal weight change throughout recovery (~16 h 
poststress, recovery Week 2, Month 1, and Month 4), we again per-
formed Kruskal– Wallis and post hoc pairwise Wilcox tests (p < 0.05, 
fdr).

3  |  RESULTS

3.1  |  Intra- colony consistency of the heat stress 
response

We subjected 39 coral genets to daily, short- term heat stress until 
they experienced moderate bleaching; there were nine control and 
nine heated ramets per genet (Figure 2). Twenty- seven colonies 
had most control and heated ramets (i.e., ≥5 out of 9 each) survive 
the heat stress experiment. Nineteen out of these 27 genets had 
8– 9 heat- stressed ramets that reached the bleaching target on the 
same day. The other eight genets had 5– 7 replicates that bleached 
within 1– 2 days of one another (Figure 2b). Other replicates most 
often died (50%) or severely bleached (40%). These 27 genets were 
divided into three broad resistance groups based on the number of 
days to bleach, which allowed for comparing larger groups of gen-
ets with relatively different levels of heat resistance. Genets in the 
low- resistance group bleached after four consecutive days (n = 9 
genets), moderate- resistance genets bleached after 5– 6 days (n = 9 
genets), and the high- resistance group bleached after 7– 9 days (n = 9 
genets) (Figure 2b). Twelve of the assayed 39 genets rapidly experi-
enced total mortality in all heated and/or control ramets. These gen-
ets were not included in further analyses in the heat resistance and 
recovery experiment. Ten out of 12 removed genets experienced 
total mortality of all ramets on the same day (Figure 2b). Overall, this 
short- term heat stress system was able to reliably reveal intraspe-
cific variation in heat resistance among colonies, whereby ramets 
within colonies consistently bleached or died due to heat stress.
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3.2  |  Variation in mortality after heat stress based 
on heat resistance

While there was relatively little mortality 16 h after heat stress, 
41% of all heated ramets died within 1 week after common garden 
deployment, compared to 20% mortality in controls. Further, 87% 
of all observed heated ramet mortality during the recovery experi-
ment occurred within that first week (Figure 3, see Appendix S1). 
Heated ramet mortality continued to increase throughout the 6- 
month recovery common garden experiment. Although mortality 
was greater in heated samples than controls, there was high mortal-
ity in controls at late common garden timepoints (Figure 3b). This 
finding suggested there may have been some additional stress on 
samples during transport to the reef common garden, there may be 
high natural turnover of corals in this system, or other biotic and 
abiotic factors such as disease and microclimate effects could have 
impacted mortality.

High- resistant corals sustained less mortality than low-  and 
moderate- resistant corals during all recovery common garden 
timepoints (Figure 3a,b). Genets in the broader high- resistance 
category had relatively low mortality after 1 week in the recovery 
common garden (28 ± 7%) compared to the moderate (40 ± 10%) 
and low (59 ± 12%) resistance categories (Figure 3b). Mortality 
throughout the early recovery period significantly decreased with 
heat resistance, though little of the variation was explained (re-
covery common garden Day 0 to Month 1 binomial mixed effects 
models p < 0.01, marginal R2 ranged from 0.133 to 0.416, Figure 3a, 
Appendix S2). Mortality did not significantly decrease with heat 
resistance at the Month 4 and Month 6 recovery common garden 
timepoints (Figure 3a, Appendix S2). High- resistance genets had a 
higher likelihood of survival over the 6- month recovery period com-
pared to other resistance categories (high vs. low Cox p = 1.4 e−10 
and high vs. moderate Cox p = 0.0072, Figure 3c, Appendix S2), 
and genotype alone did not significantly impact ramet survival (Cox 

F I G U R E  3  Mortality during the recovery common garden experiment, based on heat resistance. (a) Binomial plot of alive (value = 0) 
and dead (value = 1) heat- stressed ramets at all postheat stress timepoints, in which heat resistance is grouped by number of days to 
bleach in the heat stress experiment (4– 9 days) and circle sizes represent ramet sample size per group. Summarized statistical results from 
binomial linear mixed effects models evaluating the relationship between heat resistance and mortality are provided for each timepoint 
(Appendix S2). (b) Barplots showing the average (±SE) percentage of mortality across all heat- stressed and control ramets, at the 16 h 
postheat stress timepoint (to the left of the black dotted line) and all available recovery common garden timepoints, grouped by broad heat 
resistance categories: Low (4 days to bleach), moderate (5– 6 days), and high (7– 9 days). (c) Heated ramet survival curves for the three broad 
heat resistance categories, beginning at the 16 h postheat stress timepoint and then through the common garden recovery experiment. The 
following timepoints are included: 16 h postheat stress, and common garden Day 0, Day 7 (Week 1), Day 14 (Week 2), Day 22 (Week 3), Day 
29 (Month 1), Day 112 (Month 4), and Day 184 (Month 6). Survival probabilities were generated for each heat resistance category, based on 
the Cox proportional hazards model (Appendix S2).
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p = 0.53, Appendix S2). All resistance categories' survival probability 
dropped below 0.25 by recovery common garden Day 184 (Month 
6) (Figure 3c).

Although we found high consistency in intra- colony ramet 
mortality during heat stress, there was higher variability in mor-
tality of intra- colony ramets during recovery (Figure S2). No 
genets experienced mortality of all their heated ramets by the 
same timepoint. Ten genets had cumulative mortality of all ra-
mets within 6 months of recovery— two high, three moderate, 
and five low- resistant. Only two genets had total survival of all 
ramets throughout the recovery period— one low and one high re-
sistant (Appendix S1). Average intra- colony ramet mortality was 
30 ± 5.8% on recovery Day 0, 50 ± 6.2% by recovery Week 3, and 
71 ± 6.3% after 6 months (Figure S2 and see Appendix S1). This 
suggested there was some selective mortality within genotypes 
during recovery.

3.3  |  Chlorophyll concentration recovery based on 
heat resistance categories

We measured chlorophyll a concentration (Chl a) at preheat stress 
and poststress timepoints (after 16 h, and then after 2 weeks, 
1 month, and 4 months in the recovery common garden) to quan-
tify colony baseline pigmentation level, bleaching, and bleaching 
recovery. There were slight differences in baseline Chl a across 
different heat resistance categories, as has been shown previ-
ously (Cornwell et al., 2021), though these differences were not 
significant in our experiments (see Appendix S2). Average heat- 
stressed ramet Chl a concentration was 37% lower 16 h post-
heat stress compared to controls and there were no significant 
differences in Chl a between heat resistance categories (see 
Appendix S2), confirming that genets experienced similar bleach-
ing levels in response to different amounts of heat stress time. 
Among all heat- stressed ramets, we found a significant decrease 
in chlorophyll a concentration 16 h poststress and 2 weeks into 
recovery compared to nonstressed controls (Kruskal– Wallis and 
post hoc Wilcox test, χ2 = 27.323, df = 4, pre-  vs. 16 h poststress 
and prestress vs. Week 2 recovery p = 9 e−05), but not at the 1 and 
4- month recovery timepoints (Figure 4a). This suggested heated 
ramets recovered pigmentation within 1 month of recovery. Chl a 
levels were not significantly different between resistance catego-
ries within any of our pre-  or postheat stress timepoints (Figure 4a, 
see Appendix S2).

3.4  |  Skeletal growth trajectories following heat 
stress in recovering corals

We measured skeletal weight change in control and heat- stressed 
ramets throughout recovery. Significant skeletal growth was 
not recorded in controls until 4 months postcommon garden 

deployment (Kruskal– Wallis and post hoc Wilcox test, χ2 = 17.022, 
df = 2, Week 2 vs. Month 4 p = 0.0058 and Month 1 vs. Month 
4 p = 3.8 e−05), at which point ramets grew on average 8.9 ± 4.0% 
compared to precommon garden deployment weight. Growth dif-
ferences were insignificant between the controls of the three heat 
resistance categories (Figure 4b, see Appendix S2). This suggested 
that heat resistance capability was not strongly predictive of 
skeletal growth rate for nonheat- stressed genets. Heat- stressed 
ramets also exhibited little to no skeletal growth within the first 
month of the recovery period (Figure 4c, Appendix S2). However, 
differential skeletal growth 4 months into bleaching recovery 
was substantial based on heat resistance category. On average, 
low-  and high heat- resistant ramets did not grow within 4 months 
postbleaching (respectively, −13.3 ± 17.4% and −11.1 ± 7.0% com-
pared to their starting weights). By contrast, the controls for these 
groups averaged 11.5 ± 5.7% (low resistance) and 7.2 ± 8.9% (high 
resistance) growth (Figure 4b,c). A different pattern was evident 
for the heat- stressed, moderate- resistance ramets, which on av-
erage grew by 19.7 ± 6.2% compared to their initial weight after 
4 months of recovery. We found a significant difference in skel-
etal weight changes between the moderate and high- resistance 
categories but not between the moderate and low- resistance cat-
egories after 4 months of recovery (Kruskal– Wallis and post hoc 
Wilcox test, χ2 = 6.502, df = 2, high vs. moderate p = 0.046 and 
moderate vs. low p = 0.200, Figure 4c), due in part to the especially 
high variation observed in the three remaining low- resistance gen-
ets (Figure 4c). The moderate- resistance heat- stressed corals also 
recorded skeletal growth that was nearly three times greater than 
their nonstressed controls (which grew on average by 7.2 ± 7.5%) 
(Figure 4b,c), though this difference was not significant (Kruskal– 
Wallis, χ2 = 1.5882, df = 1, p = 0.2076).

4  |  DISCUSSION

In this study, we collected A. hyacinthus genets with variable heat 
resistance capacity and exposed these individuals to different 
amounts of heat exposure time, to induce similar levels of bleach-
ing. We then investigated heat stress recovery trajectories of 
corals grouped into three heat stress resistance categories based 
on the number of days to bleach: high, moderate, and low resist-
ance. Chlorophyll a concentration rebounded within 1 month of 
heat stress recovery in corals regardless of initial heat resistance. 
High- resistance corals experienced less mortality at all recovery 
timepoints, though these corals experienced increased mortal-
ity between 4– 6 months of recovery. Higher- resistant corals ex-
hibited significantly less mortality throughout the first month of 
recovery but not after 4 and 6 months of recovery. Moderate- 
resistance corals had significantly greater skeletal growth within 
4 months of recovery compared to high- resistance corals, and 
low-  and high- resistance corals on average did not exhibit skeletal 
growth within the 4- month recovery period.
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4.1  |  Heat resistance variation across different 
heat stress methods

In our experimental system, most genets bleached between 4 
and 9 days, and a smaller subset died during heat stress (1– 5 days) 
(see Appendix S1). Intraspecific heat resistance variability has 
been shown in many reef- building corals around the world (e.g., 
Cornwell et al., 2021; Humanes et al., 2022; Muller et al., 2018; 
Sakai et al., 2019; Shaw et al., 2016; Tilstra et al., 2017; Walker 
et al., 2022). Twelve genets overlapped with another study on heat 
resistance variation, in which these higher resistant genets also ex-
hibited higher symbiont retention during heat stress in Cornwell 
et al. (2021). Genets performed similarly across sampling years 
(2018 vs. 2019) and different heat stress methodologies (stand-
ardized 2- day heat stress vs. variable and longer- term heat stress 
assays), suggesting that intraspecific heat resistance variation can 
be consistently revealed across experiments. It has been previously 
shown that short-  and long- term heat stress assays can identify 
similar patterns of intraspecific variation within coral populations 
(Voolstra et al., 2020).

4.2  |  Intra- colony variation during heat stress 
versus heat recovery

Our heat stress experimental system was designed to induce 
moderate bleaching in corals of variable heat resistance levels, 
initially determined by a visual bleaching score metric (Cornwell 
et al., 2021; Walker et al., 2022) and confirmed with chlorophyll 
a extraction. Most genets had all their ramets (n = 9 per genet) 
experience moderate bleaching (63% out of 27 genets) or mor-
tality (83% out of 12 genets) on the same day of the heat stress 
experiment. The minimal intra- colony variation observed during 
the heat stress experiment may have been driven by differences 
in symbiont populations (Garren et al., 2006; Kemp et al., 2014; 
Rowan et al., 1997; Ulstrup & van Oppen, 2003), or microbiome 
communities (Fifer et al., 2022; Marcelino et al., 2018). In con-
trast, we observed relatively high intra- colony variability during 
the recovery period. Only 12 genets had either complete survival 
(n = 2) or mortality (n = 10) of all heat- stressed ramets during the 
6- month recovery period, and the other 15 genets (56%) expe-
rienced mortality in some heated ramets throughout recovery. 

F I G U R E  4  Chlorophyll a content and skeletal size change through recovery. Per genet, one available control and heat- stressed ramet 
each were sacrificed at each timepoint. (a) Average (±SE) chlorophyll a (heated/control Chl a concentration, μg cm−2) of heat- stressed versus 
control ramets categorized by heat resistance category— Prestress timepoint consisted of two nonstressed ramets per genet prior to the 
heat stress experiment. The solid black line divides pre-  and postheat stress. The dotted black line divides 16 h postheat stress, which was 
prior to recovery common garden deployment, and the other recovery timepoints that occurred in the reef common garden. (b) Control 
and (c) heat- stressed ramet average (±SE) buoyant weight change by heat resistance category, represented as percent change from the 16 h 
postheat stress weight. (c insert) Breakdown of skeletal weight change at the 4- month recovery timepoint per genet. Kruskal– Wallis and 
post hoc pairwise Wilcox tests were used to evaluate the relationship between chlorophyll and heat resistance and between skeletal weight 
change and heat resistance throughout recovery. Shown are significant relationships between timepoints in black (Chl a and weight) and 
within resistance groups colored by category (weight) (see Appendix S2 for additional results).
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Similar to partial mortality of a coral colony following a bleach-
ing event, intra- colony mortality could have occurred due to fac-
tors such as predation, breakage, and disease when ramets were 
outplanted and left exposed to a natural reef environment dur-
ing recovery (Lohr et al., 2020). Observed intra- colony variation 
could also reflect phenotypic plasticity and selection associated 
with transitioning to the common garden reef environment (Drury 
et al., 2017; Lohr et al., 2020). The holobiont stress response in the 
hours to days following heat stress is tightly regulated (Palumbi 
et al., 2014; Seneca & Palumbi, 2015; Thomas et al., 2018; Traylor- 
Knowles et al., 2017), with high intra- colony consistency observed 
across different durations and levels of stress intensity (Cziesielski 
et al., 2019; Dixon et al., 2020; Morikawa & Palumbi, 2019). 
However, longer- term stress repair, recovery, and reestablishment 
of homeostasis may have greater stochasticity as corals manage 
survival in variable and dynamic marine environments.

4.3  |  Correlations between heat 
resistance and mortality

Mortality during the recovery period varied based on relative heat 
resistance, in which higher heat- resistant genets (i.e., more days 
under heat stress to bleach) consistently experienced less mortal-
ity than lower- resistant genets. Mortality across all genets pre-
dominantly occurred within the first month of recovery. Significant 
mortality can occur within the first week postheat stress in experi-
mental systems (Walker et al., 2022) and up to 1– 2 months afterward 
in experimental and natural settings (Matsuda et al., 2020; Walker 
et al., 2022). A difference in mortality between heated and control 
ramets of higher heat- resistant genets did not emerge until 1 week 
following heat stress. There was also an increase in mortality of 
heated ramets of higher heat- resistant genets between 4-  and 6- 
month postbleaching, which may have signaled delayed heat stress 
impacts in these genets. Damage sustained during experimental heat 
stress may have continued to interfere with survivability during re-
covery (Grottoli et al., 2014; Schoepf, Grottoli, et al., 2015; Schoepf, 
Stat, et al., 2015; Thomas et al., 2019; Thomas & Palumbi, 2017). 
Higher heat- resistant genets maintained high pigmentation for 
3– 5 days longer than lower- resistant genets and may have been 
more vulnerable after heat stress due to higher energy demands 
needed to sustain a longer- term heat stress response (Maor- Landaw 
et al., 2014; Maor- Landaw & Levy, 2016; Williams et al., 2021) or ex-
posed to higher levels of symbiont stress byproducts such as radical 
oxygen species (Buerger et al., 2020; Cziesielski et al., 2018; Downs 
et al., 2002; Meron et al., 2019).

4.4  |  Chlorophyll recovery

Heated ramets had significantly lower chlorophyll a concentra-
tion 16 h and 2 weeks after heat stress compared to controls but 
not after 1 and 4 months, suggesting that pigmentation rebound 

occurred within 1 month of recovery. This is consistent with previous 
studies, in which other bleaching- sensitive species have also fully 
recovered chlorophyll concentrations within 4 months of recovery 
(Rodrigues & Grottoli, 2007; Schoepf, Grottoli, et al., 2015; Schoepf, 
Stat, et al., 2015; Wall et al., 2019). There were no significant differ-
ences in chlorophyll a concentration between heat resistance cat-
egories, which showed similar paces of pigmentation rebound across 
observed recovery timepoints. However, significant differences be-
tween heat resistance categories may have been obscured in part 
by high variation of chlorophyll measurements within categories and 
genets. For example, at the preheat stress timepoint, we tested two 
ramets per genet, which showed an average 31 ± 7% difference in 
Chl a (see Appendix S1). This may be improved upon in future stud-
ies by increasing the sample size or including additional ramets per 
measurement.

Previously, a relationship between symbiont load (i.e., symbiont 
counts preceding heat stress) and heat resistance was shown in A. hy-
acinthus (Cornwell et al., 2021) and Pocillopora damicornis (Cunning & 
Baker, 2013). In our experiments, there were slight but statistically 
insignificant differences in chlorophyll a load prior to heat stress, in 
which high-  and moderate- resistance genets had less starting pig-
mentation and yet took 1– 5 days longer than low- resistance genets 
to bleach. Overall, this study did not find strong evidence for the 
symbiont load versus heat resistance tradeoff, although further re-
search may confirm potential impacts of this putative tradeoff.

4.5  |  Growth tradeoffs associated with high 
heat resistance

There was comparable common garden growth in controls across 
resistance categories. However, among heat- stressed ramets, only 
those from moderately resistant genets grew on average during re-
covery. Coral skeletal growth has been used as a proxy for health 
(Wright et al., 2019), and it is possible that moderate- resistance 
genets' skeletal growth outpaced high-  and low- resistance genets 
due to higher fitness or differences in energy reserves or allocation 
during heat stress recovery (Grottoli et al., 2006, 2014; Rodrigues & 
Grottoli, 2007). Heterotrophic plasticity may have also contributed 
to skeletal growth patterns, in which moderate- resistance genets 
could have preferentially increased heterotrophy early during recov-
ery when symbiont concentrations were low (Grottoli et al., 2006; 
Levas et al., 2016), compared to genets in other resistance cat-
egories. This experimental design did not include supplemental 
feeding during the heat stress experiment, and we did not meas-
ure heterotrophic capacity (e.g., feeding rates and heterotrophic 
vs. photoautotrophic derived carbon) of recovering corals on the 
reef. Accounting for heterotrophic plasticity in future studies may 
contribute to further illuminating the observed differences during 
recovery. Additionally, there may be calcification tradeoffs from 
symbiont switching following bleaching (Bay et al., 2016; Jones & 
Berkelmans, 2010; Little et al., 2004; Thomas et al., 2019), which 
may have played a role in skeletal growth differences observed in 
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this system. Therefore, investigating symbiont type pre-  and post-
heat stress could further explain skeletal growth patterns.

There may be longer- term physiological tradeoffs associated 
with expelling symbionts quickly or retaining a high concentration of 
symbionts longer. Other marine systems have suggested there are 
moderate stress resistance “sweet spots” that are linked to longer- 
term stress recovery. For example, long- term resilience among cer-
tain seagrass species has been linked to moderate physiological 
resistance coupled with rapid and high recruitment potential for ef-
fective transgenerational recovery (Kilminster et al., 2015; McKenzie 
& Yoshida, 2020). Moderately resistant heat- stressed ramets also 
grew on average three times more than their controls, although this 
growth was not statistically different. Future research into whether 
heat stress may enhance skeletal growth in moderate- resistance ge-
nets may reveal important fitness implications. It has been demon-
strated in other organisms that short- term, sublethal stress may 
encourage preferential investment of energy into life processes 
such as growth (e.g., Leung & McAfee, 2020). It has also been widely 
shown in woody plant agricultural systems that pruning— the act 
of removing dead or overgrown branches or stems— can stimulate 
healthy fruit growth (Albarracín et al., 2017; Ashraf & Ashraf, 2014; 
Mika, 1986). Here, moderate- resistance genets were able to main-
tain, and potentially surpass, normal skeletal growth rates following 
heat stress.

4.6  |  Incorporating resistance and recovery 
tradeoffs into management programs informed 
by resilience

This study highlights the importance of investigating intraspecific 
variation and resilience tradeoffs in reef- building corals. Intraspecific 
variation is the building block material for species acclimation and 
adaptation (Di Santo, 2016; Stitt et al., 2013), and intentional incor-
poration of variation into management may lead to more success-
ful rehabilitation programs (Bremner, 2008). Thermal resilience is a 
complex and dynamic trait that can in part be influenced by genet-
ics (Barshis et al., 2013), intensity, and frequency of stress- inducing 
events (Hughes et al., 2017), and microbiome and species interac-
tions (Parkinson & Baums, 2014). Selecting only one aspect of resil-
ience (e.g., high heat resistance) may result in lower performance in 
other vital areas (e.g., lower fitness during heat recovery) and lead to 
longer- term consequences, such as lower population diversity and 
fitness (Kristensen et al., 2006).

Here, although high heat resistance genets have lower mortal-
ity during recovery and corals from all heat resistance categories re-
cover chlorophyll a levels within 1 month of recovery, we find that 
moderate- resistance genets have the highest skeletal growth and may 
exhibit higher fitness during recovery. Both theoretical (Walsworth 
et al., 2019) and empirical studies (Barshis et al., 2013; Hughes 
et al., 2017; Morikawa & Palumbi, 2019; Schoepf et al., 2019; Thomas 
et al., 2018; West & Salm, 2003) show that high heat- resistant cor-
als can survive bleaching to generate a coral population with higher 

overall resistance to ocean warming. However, high resistant corals 
may already be nearing their limits in warming environments and 
unable to continue effectively adjusting to increased ocean warming 
(Voolstra et al., 2021). Incorporating intraspecific variation of resil-
ience as a complex trait that involves resistance and recovery may be 
necessary for management programs to succeed in increasing coral 
population resilience in the face of climate change. Otherwise, major 
efforts in assisted evolution, gene flow, or restoration may have unin-
tended consequences that limit their beneficial effects.

4.7  |  Future directions and concluding remarks

We have developed an acute- to- moderate duration (Grottoli 
et al., 2021) heat stress experimental system that reliably reveals 
intraspecific variation in heat resistance. Further, we demonstrate 
that heat resistance variation is linked to differential mortality and 
skeletal growth during heat recovery. Based on our data, moderate- 
resistance corals may exhibit faster heat recovery compared to high-  
and low- resistance corals, as suggested by relatively high skeletal 
growth compared to other corals. If corroborated in follow- up ex-
periments with other species and on other reefs, these results would 
strongly suggest that heat resistance is not an adequate measure of 
future coral resilience to bleaching and that recovery is a second key 
feature. As a result, this finding has the possibility to dramatically 
change approaches to maintenance, recovery and enhancement of 
coral resilience using a wide range of possible interventions. Future 
research on links between resistance and recovery should also in-
vestigate genetics and genomics, host- symbiont interactions, and 
further physiological measures such as host energy reserves and 
heterotrophic capacity.

ACKNOWLEDG MENTS
We thank the staff and boat operators at the Palau International 
Coral Reef Center, and Stanford University undergraduate interns 
Bowen Yang, Julien Ueda, and Mica Chapuis for their assistance in 
collecting samples and running experiments in the field. We also 
thank Brendan Cornwell and Katrina Armstrong for their assis-
tance in collecting samples in the field. We also acknowledge cur-
rent and former members of the Palumbi lab— Brendan Cornwell, 
Elora López- Nandam, Erik Hanson, Katrina Armstrong, and Marilla 
Lippert— as well as Andrea G. Grottoli, Elizabeth Hadly, and John R. 
Pringle for their comments and edits on the manuscript. This study 
was supported by NSF grant OCE [1736736] and by support through 
Stanford University's Office of Development.

CONFLIC T OF INTERE S T
On behalf of all authors, the corresponding author states that there 
is no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Raw data and underlying results are included as supplemental meta-
data files.



514  |    WALKER et al.

ORCID
Nia S. Walker  https://orcid.org/0000-0002-6314-0436 
Stephen R. Palumbi  https://orcid.org/0000-0001-5195-1947 

R E FE R E N C E S
Albarracín, V., Hall, A. J., Searles, P. S., & Rousseaux, M. C. (2017). 

Responses of vegetative growth and fruit yield to winter and sum-
mer mechanical pruning in olive trees. Scientia Horticulturae, 225, 
185– 194. https://doi.org/10.1016/j.scien ta.2017.07.005

Ashraf, N., & Ashraf, M. (2014). Summer pruning in fruit trees. African 
Journal of Agricultural Research, 9(2), 206– 210. https://doi.
org/10.5897/AJAR2 013.7916

Barshis, D. J., Ladner, J. T., Oliver, T. A., Seneca, F. O., Traylor- Knowles, 
N., & Palumbi, S. R. (2013). Genomic basis for coral resilience to 
climate change. Proceedings of the National Academy of Sciences 
of the United States of America, 110(4), 1387– 1392. https://doi.
org/10.1073/pnas.12102 24110

Bay, L. K., Doyle, J., Logan, M., & Berkelmans, R. (2016). Recovery 
from bleaching is mediated by threshold densities of background 
thermos- tolerant symbiont types in a reef- building coral. Royal 
Society Open Science, 3(6), 160322. https://doi.org/10.1098/
rsos.160322

Bay, R. A., & Palumbi, S. R. (2017). Transcriptome predictors of coral 
survival and growth in a highly variable environment. Ecology and 
Evolution, 7(13), 4794– 4803. https://doi.org/10.1002/ece3.2685

Bremner, J. (2008). Species' traits and ecological functioning in marine 
conservation and management. Journal of Experimental Marine 
Biology and Ecology, 366(1– 2), 37– 47. https://doi.org/10.1016/j.
jembe.2008.07.007

Buerger, P., Alvarez- Roa, C., Coppin, C. W., Pearce, S. L., Chakravarti, L. 
J., Oakeshott, J. G., Edwards, O. R., & van Oppen, M. J. H. (2020). 
Heat- evolved microalgal symbionts increase coral bleaching toler-
ance. Science Advances, 6(20), eaba2498. https://doi.org/10.1126/
sciadv.aba2498

Calosi, P., De Wit, P., Thor, P., & Dupont, S. (2016). Will life find a way? 
Evolution of marine species under global change. Evolutionary 
Applications, 9(9), 1035– 1042. https://doi.org/10.1111/eva.12418

Carpenter, K. E., Abrar, M., Aeby, G., Aronson, R. B., Banks, S., Bruckner, 
A., Chiriboga, A., Cortés, J., Delbeek, J. C., DeVantier, L., Edgar, G. 
J., Edwards, A. J., Fenner, D., Guzmán, H. M., Hoeksema, B. W., 
Hodgson, G., Johan, O., Licuanan, W. Y., Livingstone, S. R., … Wood, 
E. (2008). One- third of reef- building corals face elevated extinc-
tion risk from climate change and local impacts. Science, 321(5888), 
560– 563. https://doi.org/10.1126/scien ce.1159196

Cornwell, B. H., Armstrong, K., Walker, N. S., Lippert, M., Nestor, V., 
Golbuu, Y., & Palumbi, S. R. (2021). Widespread variation in heat 
tolerance and symbiont load are associated with growth tradeoffs 
in the coral Acropora hyacinthus in Palau. eLife, 10, e64790. https://
doi.org/10.7554/eLife.64790

Cunning, R., & Baker, A. (2013). Excess algal symbionts increase the 
susceptibility of reef corals to bleaching. Nature Climate Change, 3, 
259– 262. https://doi.org/10.1038/nclim ate1711

Cziesielski, M. J., Schmidt- Roach, S., & Aranda, M. (2019). The past, 
present, and future of coral heat stress studies. Ecology and 
Evolution, 9(17), 10055– 10066. https://doi.org/10.1002/
ece3.5576

Cziesielski, M. J., Liew, Y. J., Cui, G., Schmidt- Roach, S., Campana, S., 
Marondedze, C., & Aranda, M. (2018). Multi- omics analysis of ther-
mal stress response in a zooxanthellate cnidarian reveals the impor-
tance of associating with thermotolerant symbionts. Proceedings 
of the Royal Society B, 285, 20172654. https://doi.org/10.1098/
rspb.2017.2654

Delbeek, J. C. (2008). Collecting and shipping live coral: Techniques, tips 
and headaches. In R. J. Leewis & M. Janse (Eds.), Advances in coral 

husbandry in public aquariums. Public Aquarium Husbandry Series 
(Vol. 2, pp. 363– 373). Burgers' Zoo.

Di Santo, V. (2016). Intraspecific variation in physiological performance 
of a benthic elasmobranch challenged by ocean acidification and 
warming. Journal of Experimental Biology, 219(11), 1725– 1733. 
https://doi.org/10.1242/jeb.139204

Dixon, G., Abbott, E., & Matz, M. (2020). Meta- analysis of the coral en-
vironmental stress response: Acropora corals show opposing re-
sponses depending on stress intensity. Molecular Ecology, 29(15), 
2855– 2870. https://doi.org/10.1111/mec.15535

Downs, C. A., Fauth, J. E., Halas, J. C., Dustan, P., Bemiss, J., & Woodley, 
C. M. (2002). Oxidative stress and seasonal coral bleaching. Free 
Radical Biology & Medicine, 33, 533– 543. https://doi.org/10.1016/
S0891 - 5849(02)00907 - 3

Drury, C., Manzello, D., & Lirman, D. (2017). Genotype and local 
environment dynamically influence growth, disturbance re-
sponse and survivorship in the threatened coral, Acropora cer-
vicornis. PLoS One, 12, e0174000. https://doi.org/10.1371/journ 
al.pone.0174000

El- Khaled, Y. C., Lago, A. K., Mezger, S. D., & Wild, C. (2022). 
Comparative evaluation of free web tools ImageJ and Photopea 
for the surface area quantification of planar substrates and or-
ganisms. Diversity, 14(4), 272. https://doi.org/10.3390/d1404 
0272

Fifer, J. E., Bui, V., Berg, J. T., Kriefall, N., Klepac, C., Bentlage, B., & 
Davies, S. W. (2022). Microbiome structuring within a coral colony 
and along a sedimentation gradient. Frontiers in Marine Science, 8, 
805202. https://doi.org/10.3389/fmars.2021.805202

Garren, M., Walsh, S. M., Caccone, A., & Knowlton, N. (2006). Patterns of 
association between Symbiodinium and members of the Montastraea 
annularis species complex on spatial scales ranging from within col-
onies to between geographic regions. Coral Reefs, 25(4), 503– 512. 
https://doi.org/10.1007/s0033 8- 006- 0146- 1

Grottoli, A. G., Rodrigues, L. J., & Palardy, J. E. (2006). Heterotrophic 
plasticity and resilience in bleached corals. Nature, 440, 1186– 1189. 
https://doi.org/10.1038/natur e04565

Grottoli, A. G., Tchernov, D., & Winters, G. (2017). Physiological and bio-
geochemical responses of super- corals to thermal stress from the 
northern Gulf of Aqaba, Red Sea. Frontiers in Marine Science, 4, 215. 
https://doi.org/10.3389/fmars.2017.00215

Grottoli, A. G., Toonen, R. J., van Woesik, R., Vega Thurber, R., Warner, 
M. E., McLachlan, R., Price, J. T., Bahr, K. D., Baums, I. B., Castillo, 
K. D., Coffroth, M. A., Cunning, R., Dobson, K. L., Donahue, M. J., 
Hench, J. L., Iglesias- Prieto, R., Kemp, D. W., Kenkel, C. D., Kline, D. 
I., … Wu, H. C. (2021). Increasing comparability among coral bleach-
ing experiments. Ecological Applications, 31(4), e02262. https://doi.
org/10.1002/eap.2262

Grottoli, A. G., Warner, M. E., Levas, S. J., Aschaffenburg, M. D., Schoepf, 
V., McGinley, M., Baumann, J., & Matsui, Y. (2014). The cumulative 
impact of annual coral bleaching can turn some coral species win-
ners into losers. Global Change Biology, 20(12), 3823– 3833. https://
doi.org/10.1111/gcb.12658

Hoegh- Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., 
Greenfield, P., Gomez, E., Harvell, C. D., Sale, P. F., Edwards, 
A. J., Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias- Prieto, 
R., Muthiga, N., Bradbury, R. H., Dubi, A., & Hatziolos, M. E. 
(2007). Coral reefs under rapid climate change and ocean acidi-
fication. Science, 318, 1737– 1742. https://doi.org/10.1126/scien 
ce.1152509

Huffmyer, A. S., Johnson, C. J., Epps, A. M., Lemus, J. D., & Gates, R. 
D. (2021). Feeding and thermal conditioning enhance coral tem-
perature tolerance in juvenile Pocillopora acuta. Royal Society Open 
Science, 8(5), 210644. https://doi.org/10.1098/rsos.210644

Hughes, T. P., Baird, A. H., Bellwood, D. R., Card, M., Connolly, S. R., Folke, 
C., Grosberg, R., Hoegh- Guldberg, O., Jackson, J. B. C., Kleypas, J., 
Lough, J. M., Marshall, P., Nystrom, M., Palumbi, S. R., Pandolfi, J. 

https://orcid.org/0000-0002-6314-0436
https://orcid.org/0000-0002-6314-0436
https://orcid.org/0000-0001-5195-1947
https://orcid.org/0000-0001-5195-1947
https://doi.org/10.1016/j.scienta.2017.07.005
https://doi.org/10.5897/AJAR2013.7916
https://doi.org/10.5897/AJAR2013.7916
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1098/rsos.160322
https://doi.org/10.1098/rsos.160322
https://doi.org/10.1002/ece3.2685
https://doi.org/10.1016/j.jembe.2008.07.007
https://doi.org/10.1016/j.jembe.2008.07.007
https://doi.org/10.1126/sciadv.aba2498
https://doi.org/10.1126/sciadv.aba2498
https://doi.org/10.1111/eva.12418
https://doi.org/10.1126/science.1159196
https://doi.org/10.7554/eLife.64790
https://doi.org/10.7554/eLife.64790
https://doi.org/10.1038/nclimate1711
https://doi.org/10.1002/ece3.5576
https://doi.org/10.1002/ece3.5576
https://doi.org/10.1098/rspb.2017.2654
https://doi.org/10.1098/rspb.2017.2654
https://doi.org/10.1242/jeb.139204
https://doi.org/10.1111/mec.15535
https://doi.org/10.1016/S0891-5849(02)00907-3
https://doi.org/10.1016/S0891-5849(02)00907-3
https://doi.org/10.1371/journal.pone.0174000
https://doi.org/10.1371/journal.pone.0174000
https://doi.org/10.3390/d14040272
https://doi.org/10.3390/d14040272
https://doi.org/10.3389/fmars.2021.805202
https://doi.org/10.1007/s00338-006-0146-1
https://doi.org/10.1038/nature04565
https://doi.org/10.3389/fmars.2017.00215
https://doi.org/10.1002/eap.2262
https://doi.org/10.1002/eap.2262
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1126/science.1152509
https://doi.org/10.1126/science.1152509
https://doi.org/10.1098/rsos.210644


    |  515WALKER et al.

M., Rosen, B., & Roughgarden, J. (2003). Climate change, human 
impacts, and the resilience of coral reefs. Science, 301(5635), 929– 
933. https://doi.org/10.1126/scien ce.1085046

Hughes, T. P., Kerry, J. T., Álvarez- Noriega, M., Álvarez- Romero, J. G., 
Anderson, K. D., Baird, A. H., Babcock, R. C., Beger, M., Bellwood, 
D. R., Berkelmans, R., Bridge, T. C., Butler, I. R., Byrne, M., Cantin, 
N. E., Comeau, S., Connolly, S. R., Cumming, G. S., Dalton, S. J., 
Diaz- Pulido, G., … Wilson, S. K. (2017). Global warming and recur-
rent mass bleaching of corals. Nature, 543, 373– 377. https://doi.
org/10.1038/natur e21707

Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry, J. T., 
Lough, J. M., Baird, A. H., Baum, J. K., Berumen, M. L., Bridge, T. C., 
Claar, D. C., Eakin, C. M., Gilmour, J. P., Graham, N. A. J., Harrison, 
H., Hobbs, J. A., Hoey, A. S., Hoogenboom, M., Lowe, R. J., … 
Wilson, S. K. (2018). Spatial and temporal patterns of mass bleach-
ing of corals in the Anthropocene. Science, 359, 80– 83. https://doi.
org/10.1126/scien ce.aan8048

Humanes, A., Lachs, L., Beauchamp, E. A., Bythell, J. C., Edwards, A. 
J., Golbuu, Y., Martinez, H. M., Palmowski, P., Treumann, A., van 
der Steeg, E., van Hooidonk, R., & Guest, J. R. (2022). Within- 
population variability in coral heat tolerance indicates climate 
adaptation potential. Proceedings of the Royal Society B: Biological 
Sciences, 289(1981), 20220872. https://doi.org/10.1098/
rspb.2022.0872

Jokiel, P. L., Maragos, J. E., & Franzisket, L. (1978). Coral growth: Buoyant 
weight technique. In D. R. Stoddardt & R. E. Johannes (Eds.), Coral 
reefs: Research methods (pp. 529– 541). UNESCO.

Jones, A., & Berkelmans, R. (2010). Potential costs of acclimatization to a 
warmer climate: Growth of a reef coral with heat tolerant vs. sensi-
tive symbiont types. PLoS One, 5, e10437. https://doi.org/10.1371/
journ al.pone.0010437

Kemp, D. W., Hernandez- Pech, X., Iglesias- Prieto, R., Fitt, W. K., & 
Schmidt, G. W. (2014). Community dynamics and physiology of 
Symbiodinium spp. before, during, and after a coral bleaching 
event. Limnology and Oceanography, 59(3), 788– 797. https://doi.
org/10.4319/lo.2014.59.3.0788

Kilminster, K., McMahon, K., Waycott, M., Kendrick, G. A., Scanes, P., 
McKenzie, L., O'Brien, K. R., Lyons, M., Ferguson, A., Maxwell, P., 
Glasby, T., & Udy, J. (2015). Unravelling complexity in seagrass 
systems for management: Australia as a microcosm. Science of the 
Total Environment, 534, 97– 109. https://doi.org/10.1016/j.scito 
tenv.2015.04.061

Kornder, N. A., Riegl, B. A., & Figueiredo, J. (2018). Thresholds and drives 
of coral calcification responses to climate change. Global Change 
Biology, 24(11), 5084– 5095. https://doi.org/10.1111/gcb.14431

Kristensen, T. N., Loeschcke, V., & Hoffmann, A. A. (2006). Can artifi-
cially selected phenotypes influence a component of field fitness? 
Thermal selection and fly performance under thermal extremes. 
Proceedings of the Royal Society B, 274(1611), 771– 778. https://doi.
org/10.1098/rspb.2006.0247

Leinbach, S. E., Speare, K. E., Rossin, A. M., Holstein, D. M., & Strader, 
M. E. (2021). Energetic and reproductive costs of coral recovery 
in divergent bleaching responses. Scientific Reports, 11(1), 23546. 
https://doi.org/10.1038/s4159 8- 021- 02807 - w

Leung, J. Y. S., & McAfee, D. (2020). Stress across life stages: Impacts, 
responses and consequences for marine organisms. Science of the 
Total Environment, 700, 134491. https://doi.org/10.1016/j.scito 
tenv.2019.134491

Levas, S., Grottoli, A. G., Schoepf, V., Aschaffenburg, M., Baumann, J., 
Bauer, J. E., & Warner, M. E. (2016). Can heterotrophic uptake of 
dissolved organic carbon and zooplankton mitigate carbon bud-
get deficits in annually bleached corals? Coral Reefs, 35, 495– 506. 
https://doi.org/10.1007/s0033 8- 015- 1390- z

Levas, S. J., Grottoli, A. G., Hughes, A., Osburn, C. L., & Matsui, Y. (2013). 
Physiological and biogeochemical traits of bleaching and recovery 
in the mounding species of coral Porites lobaba: Implications for 

resilience in mounding corals. PLoS One, 8(5), e63267. https://doi.
org/10.1371/journ al.pone.0063267

Levas, S. J., Schoepf, V., Warner, M. E., Aschaffenburg, M., Baumann, J., & 
Grottoli, A. G. (2018). Long- term recovery of Caribbean corals from 
bleaching. Journal of Experimental Marine Biology and Ecology, 506, 
124– 134. https://doi.org/10.1016/j.jembe.2018.06.003

Levin, S. A., & Lubchenco, J. (2008). Resilience, robustness, and marine 
ecosystem- based management. Bioscience, 58(1), 27– 32. https://
doi.org/10.1641/B580107

Little, A., van Oppen, M. J. H., & Willis, B. L. (2004). Flexibility in algal 
endosymbiosis shapes growth in reef corals. Science, 304, 1492. 
https://doi.org/10.1126/scien ce.1095733

Lohr, K. E., Ripple, K., & Patterson, J. T. (2020). Differential disturbance 
effects and phenotypic plasticity among outplanted corals at patch 
and fore reef sites. Journal for Nature Conservation, 55, 125827. 
https://doi.org/10.1016/j.jnc.2020.125827

Maor- Landaw, K., Karako- Lampert, S., Waldman Ben- Asher, H., 
Goffredo, S., Falini, G., Dubinsky, Z., & Levy, O. (2014). Gene ex-
pression profiles during short- term heat stress in the red sea coral 
Stylophora pistillata. Global Change Biology, 20(10), 3026– 3035. 
https://doi.org/10.1111/gcb.12592

Maor- Landaw, K., & Levy, O. (2016). Gene expression profiles during 
short- term heat stress; branching vs. massive Scleractinian corals 
of the Red Sea. PeerJ, 4, e1814. https://doi.org/10.7717/peerj.1814

Marcelino, V. R., van Oppen, M. J. H., & Verbruggen, H. (2018). Highly 
structured prokaryote communities exist within the skeleton 
of coral colonies. The ISME Journal, 12, 300– 303. https://doi.
org/10.1038/ismej.2017.164

Matsuda, S. B., Huffmyer, A. S., Lenz, E. A., Davidson, J. M., Hancock, J. 
R., Przybylowski, A., Innis, T., Gates, R. D., & Barott, K. L. (2020). 
Coral bleaching susceptibility is predictive of subsequent mortal-
ity within but not between coral species. Frontiers in Ecology and 
Evolution, 8, 178. https://doi.org/10.3389/fevo.2020.00178

McKenzie, L. J., & Yoshida, R. L. (2020). Over a decade monitoring Fiji's 
seagrass condition demonstrates resilience to anthropogenic pres-
sures and extreme climate events. Marine Pollution Bulletin, 160, 
111636. https://doi.org/10.1016/j.marpo lbul.2020.111636

McLachlan, R., & Grottoli, A. G. (2021). Geometric method for estimat-
ing coral surface area using image analysis. protocols.io. https://doi.
org/10.17504/ proto cols.io.bpxcmpiw

McLachlan, R., Price, J. T., Muñoz- Garcia, A., Weisleder, N. L., Levas, S. J., 
Jury, C. P., Toonen, R. J., & Grottoli, A. G. (2022). Physiological accli-
matization in Hawaiian corals following a 22- month shift in baseline 
seawater temperature and pH. Scientific Reports, 12, 3712. https://
doi.org/10.1038/s4159 8- 022- 06896 - z

Meron, D., Maor- Landaw, K., Weizman, E., Waldman Ben- Asher, H., 
Eyal, G., Banin, E., Loya, Y., & Levy, O. (2019). The algal symbiont 
modifies the transcriptome of the scleractinian coral Euphyllia 
paradivisa during heat stress. Microorganisms, 7(8), 256. https://doi.
org/10.3390/micro organ isms7 080256

Mieog, J. C., Olsen, J. L., Berkelmans, R., Bleuler- Martinez, S. A., Willis, 
B. L., & van Oppen, M. (2009). The roles and interactions of symbi-
ont, host and environment in defining coral fitness. PLoS One, 4(7), 
e6364. https://doi.org/10.1371/journ al.pone.0006364

Mika, A. (1986). Physiological responses of fruit trees to pruning. 
Horticultural Reviews, 8, 337– 378.

Morikawa, M. K., & Palumbi, S. R. (2019). Using naturally occurring 
climate resilient corals to construct bleaching- resistant nurser-
ies. Proceedings of the National Academy of Sciences of the United 
States of America, 116(21), 10586– 10591. https://doi.org/10.1073/
pnas.17214 15116

Muller, E. M., Bartels, E., & Baums, I. B. (2018). Bleaching causes loss 
of disease resistance within the threatened coral species Acropora 
cervicornis. eLife, 7, e35066. https://doi.org/10.7554/eLife.35066

Muller, E. M., Sartor, C., Alcaraz, N. I., & van Woesik, R. (2020). Spatial 
epidemiology of the stony- coral- tissue- loss disease in Florida. 

https://doi.org/10.1126/science.1085046
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1098/rspb.2022.0872
https://doi.org/10.1098/rspb.2022.0872
https://doi.org/10.1371/journal.pone.0010437
https://doi.org/10.1371/journal.pone.0010437
https://doi.org/10.4319/lo.2014.59.3.0788
https://doi.org/10.4319/lo.2014.59.3.0788
https://doi.org/10.1016/j.scitotenv.2015.04.061
https://doi.org/10.1016/j.scitotenv.2015.04.061
https://doi.org/10.1111/gcb.14431
https://doi.org/10.1098/rspb.2006.0247
https://doi.org/10.1098/rspb.2006.0247
https://doi.org/10.1038/s41598-021-02807-w
https://doi.org/10.1016/j.scitotenv.2019.134491
https://doi.org/10.1016/j.scitotenv.2019.134491
https://doi.org/10.1007/s00338-015-1390-z
https://doi.org/10.1371/journal.pone.0063267
https://doi.org/10.1371/journal.pone.0063267
https://doi.org/10.1016/j.jembe.2018.06.003
https://doi.org/10.1641/B580107
https://doi.org/10.1641/B580107
https://doi.org/10.1126/science.1095733
https://doi.org/10.1016/j.jnc.2020.125827
https://doi.org/10.1111/gcb.12592
https://doi.org/10.7717/peerj.1814
https://doi.org/10.1038/ismej.2017.164
https://doi.org/10.1038/ismej.2017.164
https://doi.org/10.3389/fevo.2020.00178
https://doi.org/10.1016/j.marpolbul.2020.111636
https://doi.org/10.17504/protocols.io.bpxcmpiw
https://doi.org/10.17504/protocols.io.bpxcmpiw
https://doi.org/10.1038/s41598-022-06896-z
https://doi.org/10.1038/s41598-022-06896-z
https://doi.org/10.3390/microorganisms7080256
https://doi.org/10.3390/microorganisms7080256
https://doi.org/10.1371/journal.pone.0006364
https://doi.org/10.1073/pnas.1721415116
https://doi.org/10.1073/pnas.1721415116
https://doi.org/10.7554/eLife.35066


516  |    WALKER et al.

Frontiers in Marine Science, 7, 163. https://doi.org/10.3389/
fmars.2020.00163

National Academies of Sciences, Engineering, and Medicine. (2019). A re-
search review of interventions to increase the persistence and resilience 
of coral reefs. The National Academies Press.

Palumbi, S. R. (2021). Water temperature for Palau corals. Biological 
and chemical oceanography data management office (BCO- DMO). 
Dataset version: 09/01/2021. https://doi.org/10.1575/1912/
bco- dmo.772445

Palumbi, S. R., Barshis, D. J., Traylor- Knowles, N., & Bay, R. A. (2014). 
Mechanisms of reef coral resistance to future climate change. 
Science, 344(6186), 895– 898. https://doi.org/10.1126/scien 
ce.1251336

Pandolfi, J. M., Connolly, S. R., Marshall, D. J., & Cohen, A. L. (2011). 
Projecting coral reef futures under global warming and ocean acid-
ification. Science, 333, 418– 422. https://doi.org/10.1126/scien 
ce.1204794

Parkinson, J. E., & Baums, I. B. (2014). The extended phenotypes of 
marine symbioses: Ecological and evolutionary consequences of 
intraspecific genetic diversity in coral- algal associations. Frontiers 
in Microbiology, 5, 445. https://doi.org/10.3389/fmicb.2014.00445

Ritchie, R. J. (2008). Universal chlorophyll equations for estimating chlo-
rophylls a, b, c, and d and total chlorophylls in natural assemblages 
of photosynthetic organisms using acetone, methanol, or ethanol 
solvents. Photosynthetica, 46(1), 115– 126. https://doi.org/10.1007/
s1109 9- 008- 0019- 7

Rodrigues, L. J., & Grottoli, A. G. (2007). Energy reserves and metab-
olism as indicators of coral recovery from bleaching. Limnology 
and Oceanography, 52(5), 1874– 1882. https://doi.org/10.4319/
lo.2007.52.5.1874

Rowan, R., Knowlton, N., Baker, A., & Jara, J. (1997). Landscape ecology 
of algal symbionts creates variation in episodes of coral bleaching. 
Nature, 388(6639), 265– 269. https://doi.org/10.1038/40843

Sakai, K., Singh, T., & Iguchi, A. (2019). Bleaching and post- bleaching 
mortality of Acropora corals on a heat- susceptible reef in 2016. 
PeerJ, 7, e8138. https://doi.org/10.7717/peerj.8138

Savary, A. M. R., Barshis, D. J., Voolstra, C. R., Cárdenas, A., Evensen, N. 
R., Banc- Prandi, G., Fine, M., & Meibom, A. (2021). Fast and perva-
sive transcriptomic resilience and acclimation of extremely heat- 
tolerant coral holobionts from the northern Red Sea. Proceedings 
of the National Academy of Sciences of the United States of America, 
118(19), e2023298118. https://doi.org/10.1073/pnas.20232 
98118

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image to 
ImageJ: 25 years of image analysis. Nature Methods, 9(7), 671– 675. 
https://doi.org/10.1038/nmeth.2089

Schoepf, V., Carrion, S. A., Pfeifer, S. M., Naugle, M., Dugal, L., Bruyn, 
J., & McCulloch, M. T. (2019). Stress- resistant corals may not ac-
climatize to ocean warming but maintain heat tolerance under 
cooler temperatures. Nature Communications, 10, 4031. https://doi.
org/10.1038/s4146 7- 019- 12065 - 0

Schoepf, V., Grottoli, A. G., Levas, S. J., Aschaffenburg, M. D., Baumann, 
J. H., Matsui, Y., & Warner, M. E. (2015). Annual coral bleaching and 
the long- term recovery capacity of coral. Proceedings of the Royal 
Society B, 282, 20151887. https://doi.org/10.1098/rspb.2015.1887

Schoepf, V., Stat, M., Falter, J. L., & McCulloch, M. (2015). Limits to the 
thermal tolerance of corals adapted to a highly fluctuating, nat-
urally extreme temperature environment. Scientific Reports, 5, 
17639. https://doi.org/10.1038/srep1 7639

Seneca, F. O., & Palumbi, S. R. (2015). The role of transcriptome resilience 
in resistance of corals to bleaching. Molecular Ecology, 24(7), 1467– 
1484. https://doi.org/10.1111/mec.13125

Shaw, E. C., Carpenter, R. C., Lantz, C. A., & Edmunds, P. J. (2016). 
Intraspecific variability in the response to ocean warming and acid-
ification in the scleractinian coral Acropora pulchra. Marine Biology, 
163, 210. https://doi.org/10.1007/s0022 7- 016- 2986- 8

Stitt, B. C., Burness, G., Burgomaster, K. A., Currie, S., McDermid, J. 
L., & Wilson, C. C. (2013). Intraspecific variation in thermal toler-
ance and acclimation capacity in brook trout (Salvelinus fontinalis): 
Physiological implications for climate change. Physiological and 
Biochemical Zoology, 87(1), 15– 24. https://doi.org/10.1086/675259

Thomas, L., López, E. H., Morikawa, M. K., & Palumbi, S. R. (2019). 
Transcriptomic resilience, symbiont shuffling, and vulnerability 
to recurrent bleaching in reef- building corals. Molecular Ecology, 
28(14), 3371– 3382. https://doi.org/10.1111/mec.15143

Thomas, L., & Palumbi, S. R. (2017). The genomics of recovery from 
coral bleaching. Proceedings of the Royal Society B, 284, 20171790. 
https://doi.org/10.1098/rspb.2017.1790

Thomas, L., Rose, N. H., Bay, R. A., López, E. H., Morikawa, M. K., Ruiz- 
Jones, L., & Palumbi, S. R. (2018). Mechanisms of thermal tolerance 
in reef- building corals across a fine- grained environmental mosaic: 
lessons from Ofu, American Samoa. Frontiers in Marine Science, 4, 
434. https://doi.org/10.3389/fmars.2017.00434

Thornhill, D. J., Rotjan, R. D., Todd, B. D., Chilcoat, G. C., Iglesias- Prieto, 
R., Kemp, D. W., LaJeunesse, T., Reynolds, J. M., Schmidt, G. W., 
Shannon, T., Warner, M. E., & Fitt, W. K. (2011). Connection be-
tween colony biomass and death in Caribbean reef- building 
corals. PLoS One, 6(12), e29535. https://doi.org/10.1371/journ 
al.pone.0029535

Tilstra, A., Wijgerde, T., Dini- Andreote, F., Eriksson, B. K., Salles, J. F., 
Pen, I., Osinga, R., & Wild, C. (2017). Light induced intraspecific 
variability in response to thermal stress in the hard coral Stylophora 
pistillata. PeerJ, 5, e3802. https://doi.org/10.7717/peerj.3802

Traylor- Knowles, N., Rose, N. H., Sheets, E. A., & Palumbi, S. R. (2017). 
Early transcriptional responses during heat stress in the coral 
Acropora hyacinthus. Biological Bulletin, 232(2), 91– 100. https://doi.
org/10.1086/692717

Ulstrup, K. E., Berkelmans, R., Ralph, P. J., & van Oppen, M. J. H. (2006). 
Variation in bleaching sensitivity of two coral species across a lati-
tudinal gradiant on the great barrier reef: The role of zooxanthellae. 
MEPS, 314, 135– 148. https://doi.org/10.3354/meps3 14135

Ulstrup, K. E., & van Oppen, M. J. H. (2003). Geographic and habitat 
partitioning of genetically distinct zooxanthellae (Symbiodinium) in 
Acropora corals on the great barrier reef. Molecular Ecology, 12(12), 
3477– 3484. https://doi.org/10.1046/j.1365- 294X.2003.01988.x

Veal, C. J., Holmes, G., Nunez, G., Hoegh- Guldberg, O., & Oppen, J. 
(2010). A comparative study of methods for surface area and three- 
dimensional shape measurement of coral skeletons. Limnology and 
Oceanography: Methods, 8(5), 241– 253. https://doi.org/10.4319/
lom.2010.8.241

Voolstra, C. R., Buitrago- López, C., Perna, G., Cárdenas, A., Hume, B. C. 
C., Rädecker, N., & Barshis, D. J. (2020). Standardized short- term 
acute heat stress assays resolve historical differences in coral ther-
motolerance across microhabitat reef sites. Global Change Biology, 
26(8), 4328– 4343. https://doi.org/10.1111/gcb.15148

Voolstra, C. R., Valenzuela, J. J., Turkarslan, S., Cárdenas, A., Hume, B. C. 
C., Perna, G., Buitrago- López, C., Rowe, K., Orellana, M. V., Baliga, 
N. S., Paranjape, S., Banc- Prandi, G., Bellworthy, J., Fine, M., Frias- 
Torres, S., & Barshis, D. J. (2021). Contrasting heat stress response 
patterns of coral holobionts across the Red Sea suggest distinct 
mechanisms of thermal tolerance. Molecular Ecology, 30(18), 4466– 
4480. https://doi.org/10.1111/mec.16064

Walker, N. S., Cornwell, B. H., Nestor, V., Armstrong, K. C., Golbuu, Y., & 
Palumbi, S. R. (2022). Persistence of phenotypic responses to short- 
term heat stress in the tabletop coral Acropora hyacinthus. PLoS One, 
17(9), e0269206. https://doi.org/10.1371/journ al.pone.0269206

Wall, C. B., Ritson- Williams, R., Popp, B. N., & Gates, R. D. (2019). Spatial 
variation in the biochemical and isotopic composition of corals 
during bleaching and recovery. Limnology and Oceanography, 64(5), 
2011– 2028. https://doi.org/10.1002/lno.11166

Walsworth, T. E., Schindler, D. E., Colton, M. A., Webster, M. S., 
Palumbi, S. R., Mumby, P. J., Essington, T. E., & Pinsky, M. L. (2019). 

https://doi.org/10.3389/fmars.2020.00163
https://doi.org/10.3389/fmars.2020.00163
https://doi.org/10.1575/1912/bco-dmo.772445
https://doi.org/10.1575/1912/bco-dmo.772445
https://doi.org/10.1126/science.1251336
https://doi.org/10.1126/science.1251336
https://doi.org/10.1126/science.1204794
https://doi.org/10.1126/science.1204794
https://doi.org/10.3389/fmicb.2014.00445
https://doi.org/10.1007/s11099-008-0019-7
https://doi.org/10.1007/s11099-008-0019-7
https://doi.org/10.4319/lo.2007.52.5.1874
https://doi.org/10.4319/lo.2007.52.5.1874
https://doi.org/10.1038/40843
https://doi.org/10.7717/peerj.8138
https://doi.org/10.1073/pnas.2023298118
https://doi.org/10.1073/pnas.2023298118
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41467-019-12065-0
https://doi.org/10.1038/s41467-019-12065-0
https://doi.org/10.1098/rspb.2015.1887
https://doi.org/10.1038/srep17639
https://doi.org/10.1111/mec.13125
https://doi.org/10.1007/s00227-016-2986-8
https://doi.org/10.1086/675259
https://doi.org/10.1111/mec.15143
https://doi.org/10.1098/rspb.2017.1790
https://doi.org/10.3389/fmars.2017.00434
https://doi.org/10.1371/journal.pone.0029535
https://doi.org/10.1371/journal.pone.0029535
https://doi.org/10.7717/peerj.3802
https://doi.org/10.1086/692717
https://doi.org/10.1086/692717
https://doi.org/10.3354/meps314135
https://doi.org/10.1046/j.1365-294X.2003.01988.x
https://doi.org/10.4319/lom.2010.8.241
https://doi.org/10.4319/lom.2010.8.241
https://doi.org/10.1111/gcb.15148
https://doi.org/10.1111/mec.16064
https://doi.org/10.1371/journal.pone.0269206
https://doi.org/10.1002/lno.11166


    |  517WALKER et al.

Management for network diversity speeds evolutionary adaptation 
to climate change. Nature Climate Change, 9, 632– 636. https://doi.
org/10.1038/s4155 8- 019- 0518- 5

West, J. M., & Salm, R. V. (2003). Resistance and resilience to coral 
bleaching: Implications for coral reef conservation and man-
agement. Conservation Biology, 17(4), 956– 967. https://doi.
org/10.1046/j.1523- 1739.2003.02055.x

Williams, A., Chiles, E. N., Conetta, D., Pathmanathan, J. S., Cleves, P. 
A., Putnam, H. M., Su, X., & Bhattacharya, D. (2021). Metabolomic 
shifts associated with heat stress in coral holobionts. Science 
Advances, 7(1), eabd4210. https://doi.org/10.1126/sciadv.abd4210

Wright, R. M., Mera, H., Kenkel, C. D., Nayfa, M., Bay, L. K., & Matz, M. 
V. (2019). Positive genetic associations among fitness traits support 
evolvability of a reef- building coral under multiple stressors. Global 
Change Biology, 25(10), 3294– 3304. https://doi.org/10.1111/
gcb.14764

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Walker, N. S., Nestor, V., Golbuu, Y., & 
Palumbi, S. R. (2023). Coral bleaching resistance variation is 
linked to differential mortality and skeletal growth during 
recovery. Evolutionary Applications, 16, 504–517. https://doi.
org/10.1111/eva.13500

https://doi.org/10.1038/s41558-019-0518-5
https://doi.org/10.1038/s41558-019-0518-5
https://doi.org/10.1046/j.1523-1739.2003.02055.x
https://doi.org/10.1046/j.1523-1739.2003.02055.x
https://doi.org/10.1126/sciadv.abd4210
https://doi.org/10.1111/gcb.14764
https://doi.org/10.1111/gcb.14764
https://doi.org/10.1111/eva.13500
https://doi.org/10.1111/eva.13500

	Coral bleaching resistance variation is linked to differential mortality and skeletal growth during recovery
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Site description and sample collection
	2.2|Heat stress experiment
	2.3|Common garden deployment and recovery experiment
	2.4|Physiological analyses
	2.5|Statistical analyses

	3|RESULTS
	3.1|Intra-colony consistency of the heat stress response
	3.2|Variation in mortality after heat stress based on heat resistance
	3.3|Chlorophyll concentration recovery based on heat resistance categories
	3.4|Skeletal growth trajectories following heat stress in recovering corals

	4|DISCUSSION
	4.1|Heat resistance variation across different heat stress methods
	4.2|Intra-colony variation during heat stress versus heat recovery
	4.3|Correlations between heat resistance and mortality
	4.4|Chlorophyll recovery
	4.5|Growth tradeoffs associated with high heat resistance
	4.6|Incorporating resistance and recovery tradeoffs into management programs informed by resilience
	4.7|Future directions and concluding remarks

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


