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Assessing acute thermal assays
as a rapid screening tool for coral
restoration

C. N. Klepac'?*, C. G. Petrik'?, E. Karabelas¥?, J. Owens*, E. R. Hall** & E. M. Muller*

Escalating environmental threats to coral reefs coincides with global advancements in coral
restoration programs. To improve long-term efficacy, practitioners must consider incorporating
genotypes resilient to ocean warming and disease while maintaining genetic diversity. Identifying
such genotypes typically occurs under long-term exposures that mimic natural stressors, but these
experiments can be time-consuming, costly, and introduce tank effects, hindering scalability

for hundreds of nursery genotypes used for outplanting. Here, we evaluated the efficacy of the

acute Coral Bleaching Automated Stress System (CBASS) against long-term exposures on the
bleaching response of Acropora cervicornis, the dominant restoration species in Florida’s Coral Reef.
Comparing bleaching metrics, F,/F,, chlorophyll, and host protein, we observed similar responses
between the long-term heat and the CBASS treatment of 34.3 °C, which was also the calculated
bleaching threshold. This suggests the potential of CBASS as a rapid screening tool, with 90% of
restoration genotypes exhibiting similar bleaching tolerances. However, variations in acute bleaching
phenotypes arose from measurement timing and experiment heat accumulation, cautioning against
generalizations solely based on metrics like F,/F,,,. These findings identify the need to better refine
the tools necessary to quickly and effectively screen coral restoration genotypes and determine their
relative tolerance for restoration interventions.

Chronic ocean warming and associated increases in the frequency and severity of marine heat waves are result-
ing in near-annual mass coral bleaching events'?, and subsequent widespread coral mortality. Despite drastic
declines in coral cover globally, it is well documented that coral species, populations, and individuals possess
inherent or acclamatory tolerance to increased thermal stress®. In order to mitigate the critical loss of ecosystem
functioning, stress-tolerant corals need to be identified and protected concomitant with biological interventions
aimed at maximizing coral growth, survival, and genetic diversity in degraded reef habitats.

In Florida’s Coral Reef (FCR), reef-building coral cover has been reduced to ~ 2% over the last 50 years’ from
a combination of ocean warming, disease, and storms®~'!, leaving most of these reef ecosystems functionally
extinct. As a result, coral restoration programs have emerged with the aim to propagate and outplant tens of
thousands of coral fragments annually, in an attempt to buffer continued reef degradation. However, restoration
practitioners spend immense amounts of time, effort, and capital to put coral biomass on reef habitats'?, despite
continued and unabated global and local threats that result in reduced survival following as early as two years
post-outplanting'>!'*. Some restoration nurseries contain hundreds of genotypes per species and these nursery
populations are likely to contain a wide distribution of heat tolerant individuals'®. Incorporating tolerant nursery
corals into outplanting and assisted sexual breeding efforts has the potential to bolster the resilience of restored
populations, as long as heat tolerance is durable and not maladaptive for disease resistance'®, growth'” (but
see*18-20) or other life history traits. Biological interventions using tolerant corals can increase the likelihood of
ecological buffering and long-term persistence on otherwise degraded reefs.

Investigating nursery corals’ relative resistance or susceptibility to climate change scenarios is critical to sur-
mise potential outplant success following coral bleaching events. Wild coral populations demonstrate substantial
variation in thermal tolerance across latitudes, environmental gradients, and coral species>!>?!"2%, But even
within relatively small spatial scales (< 1 km), individuals exhibit different bleaching responses®~* attributed to
symbiont composition®®, microbial consortium®, and/or fixed genetic effects'®*. In a restoration nursery setting,
individual corals have been common-gardened under similar environmental conditions for years and largely
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host the same algal symbiont type**, but still display considerable bleaching variation, suggesting adaptive
capacity in bleaching traits'>***. Therefore, the proactive selection of corals with some level of climate resilience
while maintaining genetic diversity is a promising intervention to enhance the adaptive capacity of threatened
restoration nursery corals.

To date, much research quantifying restoration coral thermal tolerance occurs under long-term thermal
exposures®>****, Exposures that mimic natural warming rates and bleaching phenotypes can be monitored closely
to avoid spurious mortality, yet, these experimental systems are costly to run and maintain, are limited in indi-
vidual replication, often require destroying fragments of critically endangered coral species, and tank acclima-
tion effects are possible®. Quantifying fine-scale differences among every nursery genotype (per species) in a
long-term experimental setting is also a significant time investment. Consequently, many of these genotypes
are being outplanted to degraded reef habitats without empirical evidence of their tolerance, which is a serious
impediment to advancing restoration success in the long term. Recent developments in rapid quantification of
coral thermal tolerance using the low-cost, portable Coral Bleaching Automated Stress System?®*-3® (CBASS)
have demonstrated similar coral bleaching responses between chronic and acute heat stress assays, as well as
resolving population-level differences exhibited following natural bleaching?>***-4* although genotype differ-
ences or rankings within populations remains equivocal. Moreover, a comparative study investigating coral stress
responses under acute and chronic thermal stress found an overlap in holobiont performance. Additionally,
the algal metric F,/F,, was used to quantify upper thermal thresholds of corals, termed F,/F,, ED50°"%, or the
temperatures at which F,/F,, declines by 50% relative to baseline values. While ED50 is not an absolute measure
of thermal tolerance, it has demonstrated a potential utility in capturing a broad census of thermal tolerances
in wild** and nursery'® populations.

To examine the efficacy of replacing long-term experiments with the acute CBASS experiment in a restoration
context, we compared the bleaching responses of ten genotypes of Acropora cervicornis, a subset of hundreds of
genets currently within propagation, under a long-term (LT) two-month bleaching exposure and acute CBASS
(Fig. 1A) exposures at Mote Marine Laboratory’s International Center for Coral Reef Research and Restoration
(MML-IC2R3). Threatened A. cervicornis has been the primary focus of restoration programs along FCR, due
to its fast growth, morphology, and life-history strategy*! and is the most outplanted coral species in the Atlantic
and Caribbean region. Yet, Acroporids are typically recognized as heat-intolerant genera*? and Caribbean A.
cervicornis hosts the thermally sensitive symbiont (Symbiodinium fitti**=**). Thus, it was imperative to quantify
bleaching thresholds on a subset of this nursery population to determine whether this approach is scalable for
actionable and successful restoration strategies. We discuss similarities and differences between the two types
of heat exposure, highlighting experimental considerations, how phenotypic traits respond under different rates
and the value, as well as challenges, of acute heat stress assays in measuring coral thermal tolerance in a restora-
tion context.

Results

Detecting bleaching phenotypes between long-term and acute thermal exposures

Previous research incorporating CBASS experiments utilizes the non-invasive metric of F,/F,, to charac-
terize bleaching across multiple temperatures and calculate bleaching thresholds for coral species and/or
populations'>**—. F,/F, values fitted to a log-logistic regression dose-response curve are used to derive Effective
Dose values, such as ED25 and ED50, to attribute 25% or 50% of the thermal bleaching threshold, respectively.
‘Heatloding ED25, or the amount of time in hours over the regional bleaching threshold (30.5 °C) to reach a
25% F,/F,, reduction in heated coral replicates, was calculated to compare bleaching detection between two
experiments of different lengths*. Within the present study, detecting a 25% bleaching phenotype in ten nursery
genotypes of Acropora cervicornis took longer under the long-term (LT; 2-month) than the acute (18-h) experi-
ment (Fig. 1B). It took 197.53 h, or 8.2 days, in the LT ocean warming conditions (LT-OW) treatment whereas
it took only 5.19 h to detect 25% bleaching in CBASS replicates.

In addition to deriving the amount of heat accumulation to detect bleaching, bleaching thresholds (ED50)
were quantified for CBASS samples by fitting F,/F,, values to a dose-response curve as a function of maximum
treatment temperature. Under CBASS, the calculated ED50 bleaching threshold value for MMUIs nursery popula-
tion of A. cervicornis was 34.37 °C (Fig. 2). Among genotypes, variation in ED50 values was only 0.7 °C, ranging
from 34.0 to 34.7 °C (£0.2 S.D.), where four of the top five ED50 thresholds were from genotypes originally
sourced from the Upper Florida Keys (Table S1). The top Upper Keys genotypes were UK12 (34.7 £0.2) and
UK19 (34.6 £0.2), followed by Lower Keys genotype LK7 (34.6 £ 0.2). To compare the effects of coral source
region on ED50 values, we conducted an independent t-test and found no significant difference in ED50 values
(p=0.088) among Upper and Lower Keys corals. For the LT experiment, ED50 thresholds of nursery genotypes
could not be calculated since a 50% reduction in F,/F,, values did not occur for all genotypes, a criterion needed
to fit 3-parameter log-logistic curves.

Comparison of coral response traits between long-term and acute bleaching treatments

To determine which CBASS treatment(s) yielded comparable bleaching responses to the LT experiment, F,/F,,
total chlorophyll, and host soluble protein were examined among all experimental treatments. There was sub-
stantial overlap in multivariate phenotypic traits in response to heat stress between the LT and CBASS-34.3 °C
treatment (PERMANOVA p.adjust =1; Fig. 3; Table S7), or the derived bleaching threshold. The remaining
CBASS treatments had different physiological responses from the LT-OW treatment (p.adjust=0.035) but were
not different from CBASS 34.3 °C. All response variables contributed similarly to the ordination of experimen-
tal treatments (F,/F,, R*=0.862, total chlorophyll R*=0.803, host protein R*=0.984). Interestingly, all CBASS
treatments and LT-OW were similar to the LT-Control treatment (p.adust=1). Upon further exploration
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Figure 1. Experimental design for comparing coral bleaching responses between chronic and acute thermal
stress. (A&C) Thermal profiles and sampling time points for physiological measurements, ramping up from
ambient mean annual temperature (27.5 °C) to targeted experiment treatment temperatures. After 8 days of
acclimation, the long-term (LT; A) control (blue line) and heat (OW; red line) commenced for 2 months. The
18-h CBASS (C) was run in 8 independently-controlled temperature tanks, where each coral genotype was
exposed to each temperature treatment, replicated across three rounds (CBASS) and five tanks (LT). (B&D)
Dose-response curves modeling F,/F,, as a function of the number of hours over the regional bleaching
threshold of 30.5 °C to estimate ED25 (blue [LT; B] and red [CBASS; D] vertical lines) for each experiment.

within the LT experiment, there was an effect of tank photoacclimation during the two-month exposure,
where LT-Control initial F,/F,, values were on average 1.5-fold higher than final F,/F,, values (Treatment*Time
p<0.0001; Fig. S1). Therefore, F,/F,, values for both experiment types were calculated as relative change (LT:
[Fv/FmFinal_Fv/FmInitial] Heat™ [Fv/FmFinal_Fv/FmInitial]Contml; CBASS: Fv/FmHeat_Fv/FmZZS °C) for Subsequent analyses in
order to account for the reduction in F,/F,, in LT-Control corals.

Each phenotypic trait was then examined separately to offer a more fine-scale comparison between LT-OW
and CBASS 34.3 °C. The relative change in F,/F,, was greater under the CBASS 34.3 °C treatment than under
LT-OW (Type IIT ANOVA Exp p=0.0001), with an average (+ S.D.) relative change in F,/F,, of -0.277£0.077
and -0.081+0.067, respectively. For 90% of genotypes, there was a genotype by experiment interaction (ExG
p<0.0001; Fig. 4A). Similar to F,/F,,, square-root transformed total chlorophyll values were different between the
two experimental exposures (Type III ANOVA Exp p=0.001) but LT-OW chlorophyll (0.936 +0.441 pg/cm?) was
lower than CBASS 34.3 °C chlorophyll (6.008 + 1.465 ug/cm?). CBASS 34.3 °C mean total chlorophyll values were
sixfold greater than LT-OW total chlorophyll values, and as a result, every genotype comparison between the two
experiments was significantly different (ExG p <0.001, Fig. 4B). Host soluble protein (ug/cm?) was also greater
under CBASS 34.3 °C (40.245 +16.980 ug/cm? Welch’s p <0.0001) than under LT-OW (18.523 +11.155 pg/
cm?). Despite a qualitative difference in protein values among the LT-OW and CBASS 34.3 °C treatments, 80%
of genotypes had similar protein values between experiments (ExG p=0.5633; Fig. 4C).
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Figure 2. Maximum quantum yield (F,/F,,) of nursery A. cervicornis genotypes (n=10) at the end of the
CBASS heating ramp, fitted to a log-logistic dose-response curve. ED50 metrics for the entire nursery
population (inset blue vertical line) and each genotype (colored vertical lines), ordered by highest to lowest
ED50. Capital letters denote differences among CBASS treatments. Significant main and interactive effects of
Treatment (T) and Genotype (G) are reported (*p <0.05, **p <0.01, ***p <0.0001).
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Figure 3. Non-metric multidimensional scaling (NMDS) plot of coral phenotypic trait similarities within
temperature treatments of the LT (triangles) and CBASS (circles) experiments. Trait vectors depict directional
differences between treatments determined by PERMANOVA, with the length of each vector displaying the
strength of each trait. Ellipses represent 95% confidence intervals. The CBASS 37 °C treatment was removed due
to high coral mortality during the recovery period. Significant main and interactive effects of Treatment (T) and
Genotype (G) are reported (*p <0.05, **p<0.01, ***p <0.0001).

Genetic variation in coral bleaching response traits depends on the experiment type and
source region
A goal of many restoration practitioners is to determine which individual genotypes from nursery broodstock
are more resistant to climate change stressors®. Therefore, genotypic differences among and within both CBASS
and LT bleaching treatments were compared for each trait. For the relative change in F,/F,, among experiments,
there was a significant effect of genotype (G p <0.05), but pairwise comparisons revealed a marginal difference
only between LK7 and UK80 (emmeans p=0.056). Within the bleaching CBASS treatment of 34.3 °C, genotypes
UK12, UK19, and LK7 had a smaller relative change in F,/F,, than LK31 and LK50, and LK7 and UK76 had
smaller reductions than LK31 (ExG p <0.0001; Fig. 4A, Fig. S2B; Table S4). In contrast to the CBASS 34.3 °C
treatment, UK12 had greater reductions in F,/F,, under LT-OW than genotypes LK31, LK50, LK62, LK7, and
UK19, LK31, LK50, and LK62 had smaller relative change than LK41, and LK31 and LK62 had a smaller relative
change in F,/F,, than UK76 (Fig. 4A, Fig. S2A; Table S4).

For total chlorophyll measured at the end of both experiments, there was a significant effect of genotype
where UK12 had lower chlorophyll values than all other genotypes (G p <0.0001). Unlike F,/F,, where UK12
was a ‘top’ performer under CBASS, UK12 had lower total chlorophyll than seven genotypes (= LK41 and LK62)
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Figure 4. Phenotypic traits of (A) the relative change in F,/F,,, (B) total chlorophyll (ug cm™), and (C) host
soluble protein (ug cm) by genotype between the LT heat (LT-OW; red) and CBASS bleaching treatment
of 34.3 °C (orange). Mean (+95% CI) values for each genotype (n=2-5 per treatment) are separated by
coral source region: Lower Keys (circles) and Upper Keys (triangles), where solid horizontal lines represent
mean population values with shaded 95% CI. Asterisks represent differences between experiments within
each genotype (*p <0.05, **p<0.01, **p <0.0001), uppercase letters represent pairwise differences between
experiments within coral source region, and lowercase letters represent differences between region within
experiment.

in the CBASS 34.3 °C treatment and eight genotypes (= UK19) in the LT-OW treatment (Fig. 4B). Within the
CBASS 34.3 °C treatment, LK62 had the second lowest chlorophyll content, with values lower than genotypes
LK31, LK7, UK70, and UK80, followed by LK41 which was lower than UK70 (ExG p <0.001; Fig. S2B; Table S5).
Under LT-OW, LK50 had higher chlorophyll values than genotypes UK19, UK76, and UK80 (Fig. S2A; Table S5).

Similar to chlorophyll, genotype UK12 had lower overall host protein content than genotypes LK31, LK41,
LK50, LK7, UK70, and UK76 (G p=0.003). There were no genotypic differences in host protein concentrations
within the CBASS bleaching treatment of 34.3 °C (p=0.563; Fig. 4C, Fig. S2B; Table S6). However, under LT-OW,
genotype UK12 had lower host protein values than LK31, LK50, LK7, and UK70 (Fig. S2A; Table S6).

Genotypic comparisons indicated possible effects of coral source region, therefore, population-level differ-
ences between the Upper Florida Keys and Lower Keys were compared using linear mixed models. To compare
the effects of coral source region on ED50 values, we conducted an independent t-test and found no significant
difference in ED50 values (p =0.088) among Upper and Lower Keys corals. For the LT experiment, bleaching
thermal thresholds of nursery genotypes could not be calculated since a 50% reduction in F,/F,; values did not
occur for all genotypes. Yet, when we examined ED25 values for both CBASS and LT, there was no significant
difference between source region for each experiment type (t-test LT p=0.86, CBASS p=0.20).

Regional differences in the relative change in F,/F,, were detected within both experiments but in opposite
directions (ExR p<0.0001). Under the CBASS bleaching treatment of 34.3 °C, the relative change in F,/F,, was
smaller in Upper Keys (UK) sourced corals in comparison to Lower Keys (LK), yet the UK corals had a greater
loss in F,/F,, values than LK corals under the LT-OW treatment (Fig. 4A, lowercase letters; Table S8). Addition-
ally, Lower and Upper Keys genotypes had an overall smaller reduction in F,/F,, under the LT-OW treatment in
comparison to CBASS 34.3 °C (emmeans p <0.01; Fig. 4A, uppercase letters).

For both total chlorophyll and host protein concentration, there was an effect of experiment (E p <0.05;
Fig. 4B,C, capital letters) and the interaction of experiment and region for LT-OW only (ExR p <0.05; Fig. 4B,C,
lowercase letters). We did not find a regional effect for these ‘stress-accumulation’ bleaching traits under CBASS,
but Lower Keys corals had overall higher amounts of total chlorophyll than Upper Keys corals. Trait mean values
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were greater under CBASS 34.3 °C than LT-OW, and LT-OW LK corals had higher chlorophyll and protein
concentrations than UK corals (emmeans LK-UK p <0.001; Fig. 4D; Table S8).

Non-invasive photophysiology during acute stress is a poor predictor of bleaching outcomes
While considerable overlap for all coral responses between the LT-OW and CBASS 34.3 °C treatments was
detected, there were large discrepancies among genotype comparisons for each trait. Therefore, using individual
coral bleaching thresholds (CBASS ED50) we explored the relationship between each coral’s ED50 and both LT
and CBASS bleaching responses. For all three traits - F,/F,,, total chlorophyll, and host protein — each genotype’s
proportional change in trait values ((heat-control)/control) for LT-OW and CBASS 34.3 °C were regressed against
the CBASS ED50 values (Fig. 5). Pearson correlations indicated there was a significant, but negative, relationship
between ED50 and LT-OW F,/F,, and chlorophyll (p <0.05). Regional effects detected in linear mixed models
were only evident under LT-OW chlorophyll, where UK corals with greater ED50 values had the greatest loss in
chlorophyll concentration. In all regressions, genotype UK12 which had the greatest ED50 value had the great-
est relative loss in all traits under both experiment types; removal of this genotype did not significantly affect
the resulting regressions.

Provided ED50 values were calculated from F,/F,, measurements taken during CBASS and LT F,/F,, measured
at the end of the two-month exposure, we also explored the relationship between algal bleaching traits—F,/F,,
and total chlorophyll. Although algal photophysiology can be characterized via different metrics, it could be
assumed that F,/F,, values should be correlated with and used as a predictive proxy for bleaching outcomes
measured by chlorophyll*”*%. The loss in total chlorophyll was regressed against F,/F,, for both experiments,
resulting in a strong positive relationship between F,/F,, and total chlorophyll under LT-OW (Pearson p <0.001,
R=0.643; Fig. S3A). Under the CBASS 34.3 °C treatment however, there was no relationship between the two
algal bleaching traits (Pearson p>0.05, R=0.116; Fig. S3B).

Discussion

Along Florida’s Coral Reef, advances in the efficacy and scalability of nursery coral propagation and outplanting
coupled with stress-testing have great potential to improve ecological restoration success and buffer degraded
ecosystems. Yet, the most ecologically relevant method to assess species responses to climate change-associated
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Figure 5. Correlations between each genotype’s ED50 value and the relative change in F,/F,,, chlorophyll a (ug
cm™), and host protein (ug cm?) for the LT-OW (top panel) and CBASS 34.3 °C (bottom panel) treatments.
Trait relative change represents the difference between heat and control treatment, except for LT-OW F,/F,,
which was final from initial values. Linear regression results are reported, and gray-shaded area represents 95%
confidence intervals.
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stressors is long-term exposures (LT; 1-2 months) that are limited in scalability (number and replication of
genotypes), efficiency (time and cost), and precision (potential for tank acclimation). Here, we compared the
physiological responses to chronic (2 mo) and acute (18 h) thermal stress in the prioritized Caribbean restoration
coral species A. cervicornis, to increase scalability and standardization of thermal resistance screening. An advan-
tage of using CBASS over LT experiments was the ability to determine nursery population thermal thresholds',
which was 34.37 °C, and individual thresholds, which ranged from 34.00 to 34.72 °C. In contrast, LT thermal
exposures either need multiple temperature treatments®**® or preliminary assessments to identify temperatures
at which the strongest differential responses can be detected at the individual level. Moreover, it took over 197 h
of chronic thermal stress to achieve the same bleaching response (ED25) detected within 5 h under acute thermal
stress with the CBASS. In a restoration setting, there may be value in replacing chronic exposures with CBASS to
improve scalability, especially if fine-scale physiological differences are conferred between the two approaches.

Across all phenotypic traits measured—photochemical efficiency of PSII (F,/F,,), photosynthetic pigment
(total chlorophyll [a+ c,]), and host soluble protein—responses were most similar between the CBASS 34.3 °C
treatment and the LT ocean warming (LT-OW; 30.5 °C) treatment. Importantly, the CBASS 34.3 °C treatment
was closest to the nursery population’s upper bleaching threshold (ED50) and resolved most bleaching responses
found under LT-OW. Yet, when each trait was independently compared among the two experimental treatments,
bleaching responses did indeed differ, likely a result of different heating rates and heat accumulation under
chronic and acute exposures. These findings contrast with other comparative thermal stress studies®**, which
observed comparable bleaching responses between treatments under ‘classic’ and acute thermal stress. It is nota-
ble that these ‘classic’ bleaching experiments refer to 10-14 d of treatment whereas the chronic heat treatment
herein occurred over two months. Although two months of thermal stress would be considered more ecologically
relevant than a 10-14 d exposure to achieve realistic measures of bleaching responses in longer-to-respond physi-
ological traits, such as host protein concentrations®**, it could be too long a time frame to achieve comparable
results to the 18 h exposure of a CBASS experiment. Moreover, longer exposure periods can introduce photoac-
climation to tank effects®® and confounds interpretations for heated corals, evident in the significant decline of
the LT-Control F,/F,, values observed over the course of the experiment, despite ~ three weeks of post-collection
acclimation. Since chlorophyll measures were not taken prior to the LT experiment, we cannot know whether
chlorophyll values also acclimate to the experimental light regime, but it appears chlorophyll photophysiology
adjusted differently than photochemistry given the significant effect of treatment for chlorophyll under the LT
experiment. In contrast, there was not enough time for photoacclimation under acute exposures, as demonstrated
by CBASS, where all treatments equal to or greater than the bleaching temperature of 34.3 °C were different from
control values. Consequently, the varying heating durations between the two experiments, which represent the
extreme ends of typical thermal stress exposures, likely exert different influences on the molecular, cellular, and
physiological responses to thermal stress.

Most research utilizing CBASS to rapidly determine bleaching thresholds has focused on detecting popula-
tion or regional-level distinctions®**, with only one study incorporating colony-level assessment'”. Hence, this
study marks the first attempt to investigate thermal tolerance rankings among genotypes. Restoration programs
with objectives to increase climate resilience would benefit from rapidly generated information regarding which
nursery genotypes are likely to survive thermal stress. Instead of having clearly defined ‘winner’ genotype(s),
genotype rankings were not straightforward and depended on the trait investigated and experiment type. Similar
to the findings from Cunning et al."”, in each nursery population along FCR, there appears to be a mixture of
tolerant and susceptible genotypes. The relative similarity in ED50 thresholds and bleaching response values
across the genotypes examined herein support broad genetic and phenotypic variation sufficient for a diversity
of responses against natural threats, especially if there is a lack of tradeoffs in disease resistance, fecundity, and/or
growth'”%. Individuals of A. cervicornis in restoration nurseries are the resilient survivors from multiple decades
of environmental stress in FCR so it is feasible that these common-gardened genotypes have similar bleaching
outcomes. However, we did detect a consistent loser’ genotype, UK12, between both studies. If 90% of restora-
tion genotypes have similar thermal tolerances, as observed in this study, identifying those most susceptible may
be a goal for restoration groups to potentially outplant these thermally sensitive genets to sites buffered from
increasing water temperatures. Additionally, we recognize that ten genotypes is not fully representative of the
nursery population and would need to repeat this experiment with more individuals to infer more fine-scale
intrapopulation variation, as assessed in Cunning et al.'®.

Although the ten A. cervicornis genotypes examined here have been common-gardened within an in situ nurs-
ery for a minimum of five years, fixed regional differences in coral source locations had an impact on bleaching
responses, where ED50 values were higher for Upper Keys corals in comparison to Lower Keys genotypes. Most
Upper Keys corals were collected from shallow patch reefs prior to entering MMLs restoration propagation pipe-
line in the Lower Keys (Table S1). Alternatively, Lower Keys genotypes were sourced from deeper midchannel reef
sites and experience more stable temperatures annually, contributing to lower thermal thresholds in comparison
to corals from shallow patch reef sites. Most thermal tolerance research attributes elevated thermotolerance in
populations from shallower reef habitats that experience high thermal variability>'®*, and the results from this
study corroborate long-standing genetic effects on thermal tolerance. In contrast, Cunning et al.'® did not find
any correlations between original source colony environmental parameters with nursery ED50 values, despite
the six nurseries covering 300 km, but this could be attributed to satellite-derived SST information instead of
capturing microhabitat variation at the in situ level®'.

Patterns of fixed genetic effects of the source population also varied by experiment type and trait measured™.
The LT-OW resolved coral source regional differences across all traits whereas CBASS indicated population-level
differences for the relative change in F,/F,, only and in the opposite pattern as LT-OW. For example, Lower Keys
sourced corals had lower F,/F,, values than Upper Keys corals under CBASS, but greater amounts of chlorophyll
than Upper Keys corals under LT. Lower Keys corals are likely adapted to gradual changes in environmental
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stress and their ED50 suggests this population was more affected during acute heat stress but withstood the
gradual chronic heat stress during LT exposures, resulting in chlorophyll values that were greater than Upper
Keys corals. Within the Lower Keys population, genotype LK50 had one of the lowest F,/F,, under CBASS, but
one of the highest amounts of chlorophyll under LT heat. Alternatively, Upper Keys-sourced corals could be
considered adapted to the daily variability in their shallow environment'® and therefore would be less affected
by the rapid heating rate under CBASS treatments, resulting in higher ED50 values than Lower Keys ED50s. For
example, genotype UK12, which had the highest ED50 thermal threshold of 34.72 °C, had lower chlorophyll and
host protein values in comparison to Lower Keys corals. Although sourced from shallow, variable reef habitats,
it is possible that latitudinal differences in summer mean maxima could influence performance under chronic
thermal stress and impair long-term survival after outplanting at restoration sites (but see®?). Karp*? also found
latitudinal source effects on thermal tolerance in Miami-Dade genotypes of A. cervicornis under a moderate
thermal stress experiment (three weeks at 32.5 °C), although there was no relationship with source depth?>.

Another possibility influencing the switch in genotype/population performance would be the observed dis-
crepancy among the two fluorometric traits measured in the CBASS experiment, which could be attributed to
the biological timing of measurable bleaching responses. Genotype UK12, which had the highest ED50 thermal
threshold of 34.72 °C, was the lowest-ranked performer with regard to delayed bleaching traits (chlorophyll
and protein). Some genotypes with higher F,/F,, retention (measured during CBASS) had lower chlorophyll
values (measured at the end of CBASS) and vice versa (Fig. S3B). Recent work using F,/F,, values measured
right after the CBASS thermal ramp profile before recovery has found thermal threshold differences in F,/F,,
that corroborate experimental and natural bleaching responses in coral populations'®**3*. In contrast, we found
a negative or no relationship between individual genotype ED50 values and the relative change in chlorophyll
and protein among CBASS or LT exposures (Fig. 5). Voolstra et al.* also found no correlations between experi-
ment types for destructive bleaching responses (chlorophyll, protein) but did detect a correlation between F,/F,,,
thus arguing for that metric as a reliable indicator of bleaching responses. A line of evidence for the disparity
in F,/F,, between this study and Voostra et al.* could be attributed to population-level effects detected in Vool-
stra et al.*®, where individuals from the protected reef site consistently performed better across all traits. Here,
top-performing genotypes detected with F,/F,, during CBASS were not the top performers regarding bleaching
outcomes, i.e., chlorophyll. This observed ‘switch’ in performance cautions conclusions drawn from utilizing only
one photobiological trait to identify thermal tolerance’® and suggests that measurements should be conducted
in parallel. Additionally, these results also suggest that CBASS may be useful for differentiating sub-populations
among regions with different environmental conditions, but less so for differentiating genotype performance
from corals within a common garden nursery.

The disparity among trait responses across experiment type and coral source region raises two important
points, (1) is there a tradeoff between thermal tolerance and other physiological traits, and, (2) what is the best
metric to assess heat stress tolerance? Initial comparative studies directly®® and indirectly”> demonstrated that
CBASS can serve as a standardized approach to assess natural variation in thermal tolerance®. In this study, initial
genotype or population resistance and physiological responses post-heat stress was mostly incongruent between
acute and chronic thermal stress, despite having similar trait mean values when comparing bleaching treatments
across experiment types. A complementary study by Nielsen et al.*® measured multiple physiological traits—
F,/F,,, color, chlorophyll, catalase, and protein—in Acropora tenuis from five reef sites and found that F,/F,,,, color,
chlorophyll, and protein were all correlated and accounted for 43% of trait variation, similar to our findings in
Fig. 2. Nielsen et al.*} also found a strong correlation between non-invasive metric(s) of F,/F,, and tissue color
with laboratory-derived metrics, whereas we did not find a strong correlation between metrics within CBASS
(Fig. S4) and between the experiment types (Fig. 5). This difference observed in this study is likely a result of the
timing of measurements made, where Nielsen et al.*8 sampled F,/F,, at the same time as all laboratory-derived
metrics whereas we sampled F,/F,, at 0 h of recovery and laboratory-derived metrics at 12 h recovery similar to
Voolstra et al.*®. Thus, sampling traits at different time points provides contrasting snapshots of the underlying
bleaching response in an individual coral, which could erroneously conclude that tradeoffs exist.

In Nielsen et al.*%, each bleaching trait varied in its rate of decline under CBASS, signifying that integrative
responses are occurring within or between different holobiont partners at different rates and thus challenge
final bleaching response interpretations. Therefore, the particular trait measured, in addition to the timing of
sampling, can confound CBASS*® and LT interpretations®>*. This study corroborates that the amount of decline
in phenotypic traits can vary within*® and between?>?® heat stress exposure types. For example, F,/F,, was not
related to total chlorophyll under CBASS in this study and F,/F,, was relatively stable throughout the Nielsen
et al. study, up until 24 h post heat ramp, suggesting that F,/F, as a bleaching response may not be as informa-
tive immediately after acute heat application in comparison to other higher-order traits such as tissue colour*.
In contrast, other studies using stress tolerant corals such as Stylophora pistillata from protected sites in the
Red Sea® and Siderastrea sidera from nearshore reefs in Belize® found that changes in F,/F,, values correspond
strongly to other bleaching traits. Our study utilized a relatively thermally sensitive coral species maintained in
a sandy bottom nursery. Despite different ocean basins and inherent thermal tolerance differences, this suggests
that some bleaching trait metrics may not be as informative under a CBASS setting and may require chronic
levels of stress for final bleaching outcomes. For example, host soluble protein concentrations are typically slower
to respond, attributed to precursory molecular and physiological processes prior to measurable changes*” and
do not display similar responses to acute heat stress like F,/F,, and chlorophyll (Fig. S5). Combining CBASS
and LT studies with fine-scale temporal sampling*® and molecular analyses could help explain differences in
physiological responses under different thermal exposures. Together, there are definite nuances in measuring
and interpreting bleaching responses under CBASS and continued exploration of the methodology is needed to
validate and resolve acute heat stress responses.
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The increased frequency and severity of global thermal stress is threatening coral survival and ecosystem
functioning, spurring the urgency to quantify coral thermal tolerance and identify tolerant individuals, popula-
tions, and species for conservation and restoration efforts rapidly and accurately. With an increased interest in
high-throughput heat stress assays like the CBASS, it is prudent to conduct comparative studies between different
length experimental thermal exposures to effectively corroborate natural bleaching responses and quantitatively
compare the upper thermal limits of coral species, populations, and individuals®>*. Acute heat stress assays
quickly screen multiple individuals to determine relative thermal tolerances and have resolved tolerance differ-
ences in many coral populations®!>182326:30.36.3840.55 We agsessed the applicability of using the acute CBASS to
determine whether bleaching responses are similar in restoration nursery genotypes when compared to long-term
thermal exposures. Our findings conclude that although CBASS can achieve bleaching responses more rapidly
(time scalability), there were differences observed in bleaching traits between CBASS and LT experiments, some
of which can be attributed to common-garden and/or fixed effects on nursery A. cervicornis and the timing of
measurements. Among similarly ranked genotypes we did detect one poor performer (UK12), yet initial rank-
ings from F,/F,, and ED50 threshold values measured right after acute heat were not comparable to endpoint
bleaching response rankings (Fig. $6). Despite being common-gardened for > 5 yrs, our results suggest nursery
corals sourced from the Lower Keys may be more adapted to chronic heat than Upper Keys corals while Upper
Keys corals appeared to be initially less affected by acute heat. To better assess variation in heat tolerance and
heat tolerant traits among restoration corals, we recommend comparing nursery with wild/outplanted genotypes
as well as incorporating additional F,/F,, measurement timepoints that match other sampling measures for
cross-comparison of bleaching phenotypes and detection of meaningful bleaching traits. Moreover, coupling
physiological and molecular sampling would further our understanding of the timing of biological responses
to make the most meaningful conclusions®, while correlating CBASS results to natural bleaching responses
in restored populations can corroborate the utility of acute stress assays in a restoration context. Importantly,
incorporating rapid, scalable non-invasive bleaching metrics*”*** to predict bleaching susceptibility alongside
restoration interventions could improve restoration outcomes in lieu of declining coral cover in a warming world.

Methods

Coral collections

The long-term (LT) and acute (CBASS) experiments occurred at Mote Marine Laboratory’s International Center
of Coral Reef Research and Restoration (MML-IC2R3; 24.6617° N, -81.4554° W) in Summerland Key, FL. On
February 22%4, 2021, ten 5-7 cm replicate fragments from 10 unique genets of Acropora cervicornis were col-
lected at random from coral nursery trees at ~4-5 m depth within MMLs Looe Key field nursery (24.56257° N,
-81.40009° W). Unique genotypes were previously confirmed from SNPchip and 2bRAD analyses (https://galax
yproject.org/use/coral-snp/ *8; Table S1). Each genet was transported separately back to MML-IC2R3 where each
replicate non-bifurcating fragment, or ramet, was glued to labeled ceramic reef plugs and held within an out-
door flow-through raceway (2.54 x 1.02 x 0.30 m) at MMLs Climate and Acidification Ocean Simulator (CAOS)
facility. Coral ramets were maintained at ambient light (480 + 100 umol photon m?), temperature (27.5 °C), and
PHxas (~8.1) levels for a three-week acclimatization period. Corals were broadcast fed biweekly using Golden
Pearls (BulkReefSupply).

On June 11, 2021, 25 fragments (~ 5-6 cm long) of the same 10 genotypes of A. cervicornis (n=250) were col-
lected from MMLs in-situ Looe Key Nursery, glued to labeled ceramic plugs, and held in a temperature regulated
deep raceway (2.54x1.93x0.61 m) within the CAOS system. The remaining corals (n=240) were held with 4
submersible pumps (450 GPH) and flowing seawater from spigots at a rate of 240 L hr'! for 5-7 days.

Long-term and acute experimental exposures

For the LT exposure, ten 18.9 L flow-through glass aquaria (40.64 x 20.32 % 25.4 cm) were set up across two
shallow treatment raceways in the CAOS system for the long-term exposure study****. Tanks contained a 120
GPH submersible pump (Dwyer) and received seawater from individual spigots at a rate of ~21 L hr'! (Table S2).
After the acclimation period, one coral ramet per genet was randomly assigned to a tank within the treatment
raceways: heat (30.84+0.61 °C) or control (26.92+0.34 °C). In total, there were five replicate ramets of each
coral genotype per treatment (ten corals per tank). Treatment conditions started on March 23, 2021, and were
achieved incrementally by increasing temperature in the heat raceway by 0.5 °C per day for six days to reach
30.5 °C. After one month at 30.5 °C, temperatures were raised another 0.5 °C per day for two days to reach 31.5°C
and then held for two weeks until there was observable 50% bleaching in the heat treatment tanks, monitored
using the CoralCard Health Chart and photochemical efficiency (F,/F,,). The control temperature of 27.5 °C
was maintained throughout. Temperature, salinity, dissolved oxygen, and pHyys were monitored with a YSI
multi-parameter handheld (YSI Professional Series) daily at 0900 (GMT -5), light levels (PAR) were measured
every 3-4 days using a Licor Handheld (Licor Li-1500 and Li-192 underwater quantum sensor; Table S2), and
total alkalinity and dissolved inorganic carbon (pCO,, HCO,_, CO*";, pH; and aragonite saturation state were
calculated using CO2Sys*-°! (Table S3) were measured to characterize water quality and carbonate parameters
throughout the experiment.

From June 19 to June 21, 2021, three 18 h acute heat stress experiments were conducted using two Coral
Bleaching Automated Stress Systems (CBASS®). Each CBASS system consisted of four 10 L flow-through tanks
for a total of eight independently controlled treatments. Each tank was temperature regulated by two chillers
(IceProbe Thermoelectric chillers, NovaTec) and a 150-200 W heater connected to a custom-built controller
(Arduino Mega 2560) programmed to run independent, different thermal profiles for each tank. One replicate
ramet from each genotype was randomly assigned to each tank and treatments were replicated over three days
(n=80 corals per day). The eight target temperatures treatments ranged from 27.5 to 37 °C, at 1.35 °C temperature
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increments, and were chosen based on CBASS experiments conducted on various nursery genotypes of A.
cervicornis, where ~ 35-36 °C was identified to be the effective dose 50 (ED50"). All tanks were set to 27.5 °C
at noon while corals were placed in tanks. At 1300 (GMT -4), temperatures ramped up to the respective target
temperature over three hours (1300-1600), followed by a three-hour hold at max temperature (1600- 1900),
a one-hour ramp down in temperature to 27.5 °C (1900-2000), and an overnight 11-h recovery at 27.5 °C
(Fig. 1). Temperature treatments were randomized across tanks every day. Tanks were independently supplied
with seawater from spigots at a rate of ~2 L hr! (~5 h renewal rate) until the end-of-hold, where inflow rates
were increased to ~4 L hr™! (~ 2.5 h renewal rate), and tanks were equipped with powerhead pumps to ensure
sufficient water flow. LED aquarium lights (GalaxyHydro, Roleandro) provided ~ 300 mmol quantam?s” ona
12 h:12 h light:dark cycle.

Coral-algal phenotypes measured

Physiological measurements of photochemical efficiency of dark-adapted algal symbionts were taken at the
beginning (March 15-22), middle (April 28—-May 3), and end of two months of exposure (May 12-18, 2021). The
maximum quantum yield of PSII, or F,/F,,,, was measured for each coral ramet using an Imaging Pulse Amplitude
Modulation (I-PAM) fluorometer (Walz, Germany; settings: measuring light [ML] = 3, gain =1-3, damping=1,
ML light intensity = 10, and ML width = 14). For the CBASS experiment, dark-adapted photochemical efficiency
was measured following the end of the three-hour hold (2200 GMT-4). At the completion of both experiments,
corals were individually placed in 7 oz Whirl Pak bags (NASCO), snap-frozen in liquid nitrogen, and then stored
at -80 °C. Corals were processed for host soluble protein and total chlorophyll (chl a +c,) concentrations. All
coral tissue was airbrushed from the skeleton with filtered seawater, tissue slurry volumes were recorded for
scaling concentrations, and subsamples of tissue slurry were aliquoted for protein and chlorophyll extraction.
Although three rounds of CBASS were conducted, the first replicate round experienced spurious coral mortality
in all treatments during overnight recovery, and thus, samples could not be used for laboratory measurements of
total chlorophyll and protein. Soluble protein was extracted in triplicate with Bradford reagent (VWR, Atlanta,
GA) and measured on a microplate reader (Syngery H1, Agilent Technologies, Santa Clara, CA) at wavelength
595 nm using Bovine-Serum-Albumin for standard curves. Chlorophyll extraction was conducted in the dark
using 90% acetone and 1 mm glass beads for algal cell shearing on a horizontal vortex adapter at maximum speed
for 2 min. After 24 h, extracted chlorophyll was measured on a microplate reader at wavelengths 630 nm (chl ¢,),
664 nm (chl a), and 750 nm (turbidity), and absorbance values were applied to equations provided by Ritchie®
to calculate total chlorophyll (chl a + chl ¢,). Protein and chlorophyll concentrations were normalized to coral
surface area, which was quantified using 3D photogrammetry and dense-point cloud mesh construction (AGI
Metashape) and trimming in MeshLab®?.

Statistical analyses

To quantify the upper thermal thresholds for both the nursery population and each genotype, F,/F,, values
measured at the beginning of CBASS recovery were used to derive ED50%. F,/F,, values were modeled to a
dose-response curve using the R package drc®*® to determine the x-value (temperature) at the inflection point
of the curve where F,/F,, values are 50% lower than starting values, termed the ED50. Dose-response curves were
fitted as three-parameter log-logistic functions to extract the ED50. A Welch’s one-way ANOVA was conducted
on ED50 values to test for the fixed effect of source Region. Unlike CBASS, there was not a 50% decline in F,/F,,
among all genotypes in the LT experiment, and therefore, ED50 values could not be determined, so ED25 was
quantified instead*. F,/F,, measured at the beginning, middle, and end of the two-month exposure was modeled
to a dose-response curve using the stress metric Degree Heating Hours (DHH***°). DHH refers to the accumula-
tion of heatloading hours over the regional bleaching threshold of 30.5 °C!!. Log-logistic dose-response curves
were fit separately to the LT and CBASS experiments, using all treatments from CBASS where the amount of heat
accumulation per treatment served as the DHH value. From these curves, the ED25 parameter was calculated,
representing the x-value where F,/F,, values were 25% lower than starting values*®, and compared between the
two experimental exposures.

The fixed effect of treatment and genotype for both LT and CBASS on all traits measured at the end of each
experiment—F,/F,, (during for CBASS), total chlorophyll, and host protein—were compared using a PER-
MANOVA with the vegan package®. Data was standardized prior to conducting 999 permutations on Euclidean
distance matrix to generate p values. Post-hoc analyses on the significant effect of temperature were used with
the pairwiseAdonis®® with Bonferonni adjusted p-values. Pairwise comparisons among the significant interac-
tion of experiment treatment and genotype could not be computed from the pairwiseAdonis package code, so
the main effects were only examined.

Individual response variables of F,/F,,, total chlorophyll, and host protein were analyzed in four ways. First,
the fixed effect of treatment (levels = 9) was compared between experiments using Welch’s test, after confirming
unequal variances. Next, linear mixed-effects models (LME) were used to compare the LT heat treatment with
the CBASS 34.3 °C bleaching threshold treatment. Fixed effects of experiment (levels =2) and genotype (lev-
els=10) and random effect of tank (levels=21) were tested with ANOVA sum of squares type III in the ImerTest
package®, and pairwise comparisons of significant effects were conducted using the emmeans function in the
emmeans package’’, adjusted for Tukey’s honestly significant difference (HSD). Third, LME models were again
used to compare the fixed effects of treatment and genotype (accounting for tank as a random factor) within each
experiment, and Tukey’s HSD post hoc pairwise comparisons were conducted for significant main effects using
emmeans. For the LT experiment F,/F,, data, we also included a fixed effect of time to investigate photochemi-
cal changes from the start to the end of exposures. Lastly, the effect of coral source region (fixed) within each
experiment was modeled with treatment (fixed) and tank (random) similarly to previously outlined analyses.
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The random effect of tank was analyzed using the rand function (ImerTest package) with single-term deletions.
ANOVA assumptions of normality, homoscedasticity, and residual distribution were examined using the sjPlot
function in the sjPlot package”'. Total chlorophyll and host soluble protein were square-root transformed to
improve model fit.

The change in each trait, calculated as heat—control, was correlated between the LT heat and CBASS 34.3 °C
ED50 threshold treatment. Since photoacclimation was detected in the LT Control F,/F,, data, F,/F,, loss was
calculated from heat final and initial measurements, instead of between treatments. Linear relationships and
Pearson correlation coeflicients of trait means by genotype were determined for the regression LT heat ~ CBASS
34.3 °C. Additionally, we examined the relationship between bleaching traits (F,/F,, and total chlorophyll) which
were measured at different times during both experiments. Total chlorophyll was regressed against F,/F,, to
determine linear relationships and correlation coefficients within LT heat, CBASS 34.3 °C, and CBASS 35.6 °C.
Within CBASS 34.3 °C, we also correlated each physiological trait to one another using the cor function (corrplot
package’?).

Received: 5 July 2023; Accepted: 11 January 2024
Published online: 22 January 2024

References

1. Hoegh-Guldberg, O., Kennedy, E. V., Beyer, H. L., McClennen, C. & Possingham, H. P. Securing a long-term future for coral reefs.
Trends Ecol. Evol. 33, 936-944 (2018).

2. Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals in the anthropocene. Science 359, 80-83 (2018).

3. Thomas, L. et al. Mechanisms of thermal tolerance in reef-building corals across a fine-grained environmental mosaic: Lessons
from Ofu. Am. Samoa. Front. Mar. Sci. 4, 434 (2018).

4. Cornwell, B. et al. Widespread variation in heat tolerance and symbiont load are associated with growth tradeoffs in the coral
Acropora hyacinthus in Palau. eLife 10, 64790 (2021).

5. Drury, C. Resilience in reef-building corals: The ecological and evolutionary importance of the host response to thermal stress.
Mol. Ecol. 29, 448-465 (2020).

6. Page, C. A, Giuliano, C., Bay, L. K. & Randall, C. J. High survival following bleaching underscores the resilience of a frequently
disturbed region of the great barrier reef. Ecosphere 14, 4280 (2023).

7. Humanes, A. et al. Within-population variability in coral heat tolerance indicates climate adaptation potential. Proc. R. Soc. B Biol.
Sci. 289, 20220872 (2022).

8. Fox, M. D. et al. Increasing coral reef resilience through successive marine heatwaves. Geophys. Res. Lett. 48, €2021GL094128
(2021).

9. Kuffner, I. B. & Toth, L. T. A geological perspective on the degradation and conservation of western Atlantic coral reefs. Conserv.
Biol. 30, 706-715 (2016).

10. Aronson, R. B. & Precht, W. E. White-band disease and the changing face of Caribbean coral reefs. in The Ecology and Eti-
ology of Newly Emerging Marine Diseases (ed. Porter, ]. W.) 25-38 (Springer Netherlands, 2001). doi:https://doi.org/10.1007/
978-94-017-3284-0_2.

11. Manzello, D. P. Rapid recent warming of coral reefs in the Florida keys. Sci. Rep. 5, 16762 (2015).

12. Lirman, D. & Schopmeyer, S. Ecological solutions to reef degradation: optimizing coral reef restoration in the Caribbean and
Western Atlantic. Peer] 4, €2597 (2016).

13. Ware, M. et al. Survivorship and growth in staghorn coral (Acropora cervicornis) outplanting projects in the Florida keys national
marine sanctuary. PLOS ONE 15, 0231817 (2020).

14. van Woesik, R. et al. Differential survival of nursery-reared Acropora cervicornis outplants along the Florida reef tract. Restor.
Ecol. 29, €13302 (2021).

15. Cunning, R. et al. Census of heat tolerance among Florida’s threatened staghorn corals finds resilient individuals throughout
existing nursery populations. Proc. R. Soc. B Biol. Sci. 288, 20211613 (2021).

16. Koch, H. R., Azu, Y., Bartels, E. & Muller, E. M. No apparent cost of disease resistance on reproductive output in Acropora cervi-
cornis genets used for active coral reef restoration in Florida. Front. Mar. Sci. 9, 958500 (2022).

17. Wright, R. M. et al. Positive genetic associations among fitness traits support evolvability of a reef-building coral under multiple
stressors. Glob. Change Biol. 25, 3294-3304 (2019).

18. Klepac, C. N. & Barshis, D. J. Reduced thermal tolerance of massive coral species in a highly variable environment. Proc. R. Soc.
B Biol. Sci. 287, 20201379 (2020).

19. Walker, N. S., Nestor, V., Golbuu, Y. & Palumbi, S. R. Coral bleaching resistance variation is linked to differential mortality and
skeletal growth during recovery. Evol. Appl. 16, 504-517 (2023).

20. Ladd, M. C,, Shantz, A. A, Bartels, E. & Burkepile, D. E. Thermal stress reveals a genotype-specific tradeoff between growth and
tissue loss in restored Acropora cervicornis. Mar. Ecol. Prog. Ser. 572, 129-139 (2017).

21. Jokiel, P. L. & Coles, S. L. Response of Hawaiian and other Indo-Pacific reef corals to elevated temperature. Coral Reefs 8, 155-162
(1990).

22. Kenkel, C. D. et al. Evidence for a host role in thermotolerance divergence between populations of the mustard hill coral (Porites
astreoides) from different reef environments. Mol. Ecol. 22, 4335-4348 (2013).

23. Evensen, N. R. et al. Empirically derived thermal thresholds of four coral species along the Red Sea using a portable and standard-
ized experimental approach. Coral Reefs 41, 239-252 (2022).

24. Drury, C. & Lirman, D. Genotype by environment interactions in coral bleaching. Proc. R. Soc. B Biol. Sci. 288, 20210177 (2021).

25. Voolstra, C. R. et al. Contrasting heat stress response patterns of coral holobionts across the Red Sea suggest distinct mechanisms
of thermal tolerance. Mol. Ecol. 30, 4466-4480 (2021).

26. Oliver, T. & Palumbi, S. R. Do fluctuating temperature environments elevate coral thermal tolerance?. Coral Reefs 30, 429-440
(2011).

27. Schoepf, V., Stat, M., Falter, J. L. & McCulloch, M. T. Limits to the thermal tolerance of corals adapted to a highly fluctuating,
naturally extreme temperature environment. Sci. Rep. 5, 17639 (2015).

28. Silverstein, R. N., Cunning, R. & Baker, A. C. Change in algal symbiont communities after bleaching, not prior heat exposure,
increases heat tolerance of reef corals. Glob. Change Biol. 21, 236-249 (2015).

29. Ziegler, M., Seneca, F. O, Yum, L. K., Palumbi, S. R. & Voolstra, C. R. Bacterial community dynamics are linked to patterns of
coral heat tolerance. Nat. Commun. 8, 1-8 (2017).

30. Palumbi, S. R., Barshis, D. J., Traylor-Knowles, N. & Bay, R. A. Mechanisms of reef coral resistance to future climate change. Science
344, 895-898 (2014).

Scientific Reports |

(2024) 14:1898 | https://doi.org/10.1038/s41598-024-51944-5 nature portfolio


https://doi.org/10.1007/978-94-017-3284-0_2
https://doi.org/10.1007/978-94-017-3284-0_2

www.nature.com/scientificreports/

32.

33.

34,

35.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.
54.

55.
56.
57.
58.
59.
60.
61.

62.

70.
71.
72.

. Elder, H. et al. Long-term maintenance of a heterologous symbiont association in Acropora palmata on natural reefs. ISME J. 17,

486-489 (2023).

Gantt, S. E. et al. Wild and nursery-raised corals: Comparative physiology of two framework coral species. Coral Reefs https://doi.

org/10.1007/s00338-022-02333-9 (2023).

Muller, E. M. et al. Heritable variation and lack of tradeoffs suggest adaptive capacity in Acropora cervicornis despite negative

synergism under climate change scenarios. Proc. R. Soc. B Biol. Sci. 288, 20210923 (2021).

Klepac, C. N. et al. Symbiont composition and coral genotype determines massive coral species performance under end-of-century

climate scenarios. Front. Mar. Sci. 10, 1026426 (2023).

Grottoli, A. G. et al. Increasing comparability among coral bleaching experiments. Ecol. Appl. 31, 02262 (2021).

. Voolstra, C. R. et al. Standardized short-term acute heat stress assays resolve historical differences in coral thermotolerance across

microhabitat reef sites. Glob. Change Biol. 26, 4328-4343 (2020).

Evensen, N. R. et al. The coral bleaching automated stress system (CBASS): A low-cost, portable system for standardized empirical

assessments of coral thermal limits. Limnol. Oceanogr. Methods n/a, (2023).

Evensen, N. R,, Fine, M., Perna, G., Voolstra, C. R. & Barshis, D. J. Remarkably high and consistent tolerance of a Red Sea coral

to acute and chronic thermal stress exposures. Limnol. Oceanogr. 66, 1718-1729 (2021).

Pineda, J. et al. Two spatial scales in a bleaching event: Corals from the mildest and the most extreme thermal environments escape

mortality. Limnol. Oceanogr. 58, 1531-1545 (2013).

Morikawa, M. K. & Palumbi, S. R. Using naturally occurring climate resilient corals to construct bleaching-resistant nurseries.

Proc. Natl. Acad. Sci. 116, 10586-10591 (2019).

Rinkevich, B. Rebuilding coral reefs: Does active reef restoration lead to sustainable reefs?. Curr. Opin. Environ. Sustain. 7, 28-36

(2014).

McClanahan, T. R. et al. Western Indian Ocean coral communities: Bleaching responses and susceptibility to extinction. Mar. Ecol.

Prog. Ser. 337, 1-13 (2007).

Reich, H. G. et al. Genomic variation of an endosymbiotic dinoflagellate (Symbiodinium ‘fitti’) among closely related coral hosts.

Mol. Ecol. 30, 3500-3514 (2021).

O’Donnell, K. E,, Lohr, K. E., Bartels, E., Baums, I. B. & Patterson, J. T. Acropora cervicornis genet performance and symbiont

identity throughout the restoration process. Coral. Reefs 37, 1109-1118 (2018).

Muller, E. M., Bartels, E. & Baums, I. B. Bleaching causes loss of disease resistance within the threatened coral species Acropora

cervicornis. eLife https://doi.org/10.7554/eLife.35066 (2018).

Evensen, N. R. et al. The roles of heating rate, intensity, and duration on the response of corals and their endosymbiotic algae to

thermal stress. J. Exp. Mar. Biol. Ecol. 567, 151930 (2023).

Warner, M. E,, Fitt, W. K. & Schmidt, G. W. The effects of elevated temperature on the photosynthetic efficiency of zooxanthellae

in hospite from four different species of reef coral: A novel approach. Plant Cell Environ. 19, 291-299 (1996).

Nielsen, J. J. V. et al. Experimental considerations of acute heat stress assays to quantify coral thermal tolerance. Sci. Rep. 12, 16831

(2022).

Kenkel, C. D., Setta, S. P. & Matz, M. V. Heritable differences in fitness-related traits among populations of the mustard hill coral.

Porites Astreoides. Hered. 115, 509-516 (2015).

Safaie, A. et al. High frequency temperature variability reduces the risk of coral bleaching. Nat. Commun. 9, 1671 (2018).

Klepac, C. N. & Barshis, D. J. High-resolution in situ thermal metrics coupled with acute heat stress experiments reveal differential

coral bleaching susceptibility. Coral Reefs 41, 1045-1057 (2022).

DeMerlis, A. et al. Pre-exposure to a variable temperature treatment improves the response of Acropora cervicornis to acute

thermal stress. Coral Reefs 41, 435-445 (2022).

Karp, R. F. Assessing thermal tolerance of Acropora cervicornis and its implications for coral restoration in south Florida. (2017).

Davies, S. W, Ries, J. B., Marchetti, A. & Castillo, K. D. Symbiodinium functional diversity in the coral siderastrea siderea is

influenced by thermal stress and reef environment, but not ocean acidification. Front. Mar. Sci. 5, 150 (2018).

Barshis, D. J. et al. Genomic basis for coral resilience to climate change. Proc. Natl. Acad. Sci. 110, 1387-1392 (2013).

Voolstra, C. R. et al. Extending the natural adaptive capacity of coral holobionts. Nat. Rev. Earth Environ. 2, 747-762 (2021).

Hoadley, K. D. et al. A phenomic modeling approach for using chlorophyll-a fluorescence-based measurements on coral photos-

ymbionts. Front. Mar. Sci. 10, 1092202 (2023).

Kitchen, S. A. et al. STAGdb: A 30K SNP genotyping array and science gateway for Acropora corals and their dinoflagellate sym-

bionts. Sci. Rep. 10, 12488 (2020).

Pierrot, D. E. MS excel program developed for CO2 system calculations. Carbon Dioxide Inf. Anal. Cent. https://doi.org/10.3334/

cdiac/otg.co2sys_xls_cdiac105a (2011).

Dickson, A. G. & Millero, F. J. A comparison of the equilibrium constants for the dissociation of carbonic acid in seawater media.

Deep Sea Res. Part Oceanogr. Res. Pap. 34, 1733-1743 (1987).

Mehrbach, C., Culberson, C. H., Hawley, J. E. & Pytkowicx, R. M. Measurement of the apparent dissociation constants of carbonic

acid in seawater at atmospheric pressurel. Limnol. Oceanogr. 18, 897-907 (1973).

Ritchie, R. J. Consistent sets of spectrophotometric chlorophyll equations for acetone, methanol ethanol solvents. Photosynth. Res.

89, 27-41 (2006).

. Callieri, M., Ranzuglia, G., Dellepiane, M., Cignoni, P. & Scopigno, R. Meshlab as a complete open tool for the integration of photos
and colour with high-resolution 3D geometry data. Comput. Appl. Quant. Methods Archaeol. 406-16 (2012).

. Ritz, C., Baty, E, Streibig, J. C. & Gerhard, D. Dose-response analysis using r. PLOS ONE 10, e0146021 (2015).

. R Development Core Team. R: A language and environment for statistical computing. (2017).

. Wyatt, A. S.]. et al. Heat accumulation on coral reefs mitigated by internal waves. Nat. Geosci. 13, 28-34 (2020).

. Oksanen, J. et al. vegan: community ecology package. 2019. R Package Version 2, (2015).

. Martinez Arbizu, P. PairwiseAdonis: Pairwise multilevel comparison using adonis. R Package Version 041 (2020).

. Kunzetsova, A., Brockhoff, P. B. & Christensen, R. H. B. ImerTest package: Tests in linear mixed effect models. J. Stat. Softw. 82,

1-26 (2017).

Lenth, R. V. et al. emmeans: estimated marginal means, aka least-squares means. CRAN. (2020).

Liidecke, D. sjPlot: Data visualization for statistics in social science. R Package Version 2814 (2023).

Wei, T. & Simko, V. R package ‘corrplot’: Visualization of a correlation matrix. R Package Version 092 (2021).

Author contributions

C.
C.

N.K., C.P, EM.M,, and E.R.H. designed the experiment; C.N.K., C.P,, and J.O. performed the experiments;
N.K,, EK., C.P, and J.O. conducted the laboratory assays; C.N.K. analyzed the data and wrote the manuscript

with input from all authors. All authors approved the final manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:189

8 | https://doi.org/10.1038/s41598-024-51944-5 nature portfolio


https://doi.org/10.1007/s00338-022-02333-9
https://doi.org/10.1007/s00338-022-02333-9
https://doi.org/10.7554/eLife.35066
https://doi.org/10.3334/cdiac/otg.co2sys_xls_cdiac105a
https://doi.org/10.3334/cdiac/otg.co2sys_xls_cdiac105a

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-51944-5.

Correspondence and requests for materials should be addressed to C.N.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:1898 | https://doi.org/10.1038/s41598-024-51944-5 nature portfolio


https://doi.org/10.1038/s41598-024-51944-5
https://doi.org/10.1038/s41598-024-51944-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessing acute thermal assays as a rapid screening tool for coral restoration
	Results
	Detecting bleaching phenotypes between long-term and acute thermal exposures
	Comparison of coral response traits between long-term and acute bleaching treatments
	Genetic variation in coral bleaching response traits depends on the experiment type and source region
	Non-invasive photophysiology during acute stress is a poor predictor of bleaching outcomes

	Discussion
	Methods
	Coral collections
	Long-term and acute experimental exposures
	Coral-algal phenotypes measured
	Statistical analyses

	References


