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challenging their adaptive capacity. Therefore, interventions such Y e B e | e
. oy . +  Slightly more effective than ST
as stress-hardening by thermal preconditioning could become s npussewn | [ T D G- B DD
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the effects of distinct thermal preconditioning regimes (stable-high W § =5 o
at 29 °C, variable-high at 29 + 1.5 °C, and stable-ambient control [IIIIIFE=rE==INNN Tg w
at 26 °C) on the baseline physiology and thermal tolerance of six AN o %8 -...
stony coral species (Galaxea fascicularis, Porites rus, Acropora e @

muricata, Montipora digitata, Pocillopora verrucosa, and Stylophora
pistillata) to determine commonalities in the stress-hardening Q*ﬁm B
responses that transcend species-specific signatures. For this, we [ o s

quantified changes in photosynthetic efficiency and bleaching rerem e o—
intensity before and after a short-term heat stress assay and up to

30 days later. Stress-hardening was successful in all preconditioned corals, with the variable-high regime slightly outperforming the
stable-high regime. Preconditioning reduced the heat stress response by up to 90%, yet species differed in receptiveness. It also
improved resilience (survival and recovery), and corals with high inherent thermal tolerance recovered better than susceptible
species. Notably, both preconditioning regimes affected baseline physiology, exclusively of the branching species, causing tissue
paling and decreased photosynthetic efficiency. We conclude that implementing thermal stress-hardening protocols requires
consideration of the species-specific receptiveness and potential physiological trade-offs.
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H INTRODUCTION atures.”> Similar priming effects were observed in Pocillopora
acuta exposed to short-term sublethal temperatures, which

Reef-building corals are stenothermal orzganisms that typically 4
1, resulted in an increase in thermal tolerance.

live close to their upper thermal limit, "~ making them highly

sensitive to marine heat waves driven by global warming™* and Such a response to I;ri;nir;g stimuli underpins “stress-
threatening the existence of tropical reef ecosystems.” These hardening approaches”,'”**™** which are based on the
heatwaves cause coral bleaching, the breakdown of the deliberate, controlled exposure of organisms to sublethal
symbiosis between corals and Symbiodiniaceae microalgae,6 stimuli (elevated temperatures, increased light intensity, or
leading to coral starvation and severe health decline.”™ acidified conditions) to enhance their response to future and

To thrive under environmental changes, corals rely on more severe stress events.”” These approaches may be
adaplt(i)ve evolutionary mechanisms based on genetic varia- fundamental for increasing survival of corals in the face of
tion. However, the Darwinian adaptation processes of the ongoing climate change.33

long-lived corals are too slow to keep up with current rapid
environmental changes.11 Therefore, acclimatization through
phenotypic ;)lasticity and gene expression regulation becomes
crucial.'”>~"" Particularly, corals from thermally variable
environments, such as reef flats and lagoons, can cope better
with thermal extremes than conspecifics living in thermally
stable environments.'®~>* For instance, in Acropora hyacinthus
inhabiting warmer pools, the expression of heat stress
response-related genes is higher than in those from cooler
pools, suggesting an inherent readiness for elevated temper-

However, the effectiveness of the priming stimulus is likely
dose-dependent, and excessively strong stimuli may even be

Received: August 29, 2024
Revised:  April 8, 2025
Accepted: April 8, 2025
Published: April 25, 2025

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.4c08640

v ACS PUbl icatiOI’]S 8527 Environ. Sci. Technol. 2025, 59, 85278540


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+F.+Ferrara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Roik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franziska+Wo%CC%88hrmann-Zipf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maren+Ziegler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.4c08640&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/esthag/59/17?ref=pdf
https://pubs.acs.org/toc/esthag/59/17?ref=pdf
https://pubs.acs.org/toc/esthag/59/17?ref=pdf
https://pubs.acs.org/toc/esthag/59/17?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.4c08640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Environmental Science & Technology

pubs.acs.org/est

w-\&&%w*

G. fascicularis
Heat Stress x3
Day 0:

A Experiment start
(%5
S.- & 29°
\‘0 ¥
29+1,5°C
Bl ol
Day 24:
Post-preconditioning
B c
26°
A °
35°C
P 4

Day 26:
Post-Heat

LI 2

Day 41:
Recovery “day 15”

Day 56:
Recovery “day 30”

o
o
z
z
o
':
=)
z
O
3]
w
o
o

—

Cl

A. muricata

M. d/grtata

& 26°C

C

/\

P. verrucosa S. plstlllata

Ambient Temperature (Ambient)

Stable-high Temperature (ST)

Q/ V Y v Y Y Variable-high Temperature (VT)

& Photosynthetic efficiency (AF/Fm')

a Tissue color (standardized pictures)

Control

Short-term
heat stress

% Photosynthetic efficiency (AF/Fm')

® £
Q Tissue color (standardized pictures)

26°C

Coral mortality scored daily

% Photosynthetic efficiency (AF/Fm')

Q Tissue color (standardized pictures)

Figure 1. Study design and thermal stress-hardening regimes. Six stony coral species were exposed to three thermal preconditioning regimes (A),
followed by short-term heat stress assays (B) to assess the changes in thermal tolerance (each species was exposed to a different number of heat
stress cycles as necessary). Photosynthetic efficiency (effective quantum yield of photosystem II) and tissue color intensity (from standardized
pictures) were measured as coral response variables at two time points: after the preconditioning phase (“post-preconditioning”) and after acute
heat stress (“post-heat”). Corals were placed in a common tank (C) and survival was monitored over 30 days. Response variables were measured on

days 15 and 30 after heat stress exposure.

28,34,35
harmful >33

Recent studies reflect these intricacies,
documenting results ranging from minor or negligible positive
effects”® to even detrimental outcomes.”” ™ Further, fine-
scale variations in the thermal priming stimulus, such as the
diel temperature amplitude or the absolute temperature
increase, significantly alter the outcomes of preconditioning
#1=43 For instance, diel
temperature fluctuation with intermediate amplitudes of 2—3
°C can maximize stress tolerance,”* whereas larger amplitudes,
above 4 °C, may lead to detrimental effects.”*”*” Diel thermal
variability generally outperforms stable elevated temper-
atures, " possibly due to night-time cooling allowing the repair
of accumulated stress damage during daytime.”>~"’ Further-
more, the mean temperature of the priming stimulus can affect
coral stress-hardening responses. For example, corals exposed

to temperatures at least 3 °C above the control (ambient)

regimes within and across coral species.
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24,35

temperature exhibited enhanced thermal tolerance, where-

as a lower increase of 2 °C was insufficient to elicit similar
responses.*®

As species differ in their environmental tolerances,
preliminary evidence suggests species-specific receptiveness
to thermal priming. For instance, preconditioned Acropora
cervicornis and P. acuta exhibited increased thermal toler-
ance,'”'* whereas other species, such as Montipora capitata,
showed no improvements.”>** On top of that, local or regional
differences linked to environmental gradients or population
structure within species add a layer of complexity to these
investigations.zs’%49

These equivocal results call for a study that systematically
compares receptiveness to preconditioning across coral species,
as more clarity will be crucial to refine stress-hardening
protocols effectively. Furthermore, important knowledge gaps

https://doi.org/10.1021/acs.est.4c08640
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remain, particularly regarding the long-term consequences and
potential trade-offs of thermal preconditioning. For instance,
exposure to warmer temperatures can improve immediate
thermal tolerance through physiological adjustments, such as
reduced coral symbiont cell densities.””>" While this shift may
aid acclimatization, it likely involves trade-offs, such as reduced
growth.'>>> Furthermore, whether resilience and recovery
rates change in stress-hardened corals is unclear, as their long-
term fate is rarely monitored. We know that corals from
naturally variable habitats recover more rapidly after heat stress
compared to those in more stable environments.”"”"*
However, to answer the question of whether this increased
resilience arises from adaptation or acclimatization requires
controlled laboratory experiments.

This study systematically assessed the effects of precondi-
tioning regimes on stony coral species to determine
commonalities in the stress-hardening responses that transcend
species-specific signatures. The species investigated were:
Galaxea fascicularis (Linnaeus, 1767), Porites rus (Forskal,
1775), Acropora muricata (Linnaeus, 1758), Montipora digitata
(Dana, 1846), Pocillopora verrucosa (Ellis & Solander, 1786),
and Stylophora pistillata (Esper, 1792) representing four key
scleractinian families widely studied in thermal stress
research.”® Notably, previous research on members of the
Acroporidae (e.g., Acropora aspera and Acropora millepora) and
Pocilloporidae (e.g., Pocillopora acuta and Pocillopora dam-
icornis) families has demonstrated that short-term precondi-
tioning can alter their physiology and enhance their thermal
stress tolerance during simulated long-term heat
waves.' #2%*%% In contrast, other Acroporidae (e.g., Montipora
capitata) and Poritidae (e.g., Porites lobata) members were not
receptive to preconditioning.’**” Corals were preconditioned
with three distinct thermal regimes stable-high (29 °C),
variable-high (29 + 1.5 °C), and stable-ambient (26 °C) for
24 days and thereafter exposed to an acute heat stress test.
Physiological parameters were monitored throughout the
experiment to evaluate how preconditioning regimes affected
(1) baseline physiology after preconditioning, (2) thermal
tolerance to acute heat stress, and (3) long-term resilience
(survival and recovery 30 days poststress). Ultimately, we
aimed to (4) identify the universally most effective
preconditioning regime for all coral species.

B MATERIALS AND METHODS

Experimental Overview and Coral Species. Six stony
coral species from four families, representing common reef-
builders in the Indo-Pacific, were selected to investigate the
effects of three thermal regimes on baseline physiology, heat
stress tolerance, and long-term resilience. Corals with two
distinct growth forms were included, with G. fascicularis and P.
rus as massive species, and A. muricata, M. digitata, P. verrucosa,
and S. pistillata as branching species. These corals were
collected from different reef locations worldwide (Table S1)
and cultivated at the Ocean2100 coral aquarium facility at the
Justus Liebig University Giessen, Germany, for 2—6 years
before the experiment. In July 2021, 432 coral fragments were
produced from four to eight colonies per species (Table S1).
Each colony was cut into 12 fragments of ~3—4 cm in length
and maintained in 265 L tanks at 26 °C for at least 10 weeks
before the start of the experiment. Each tank was connected to
a recirculating artificial seawater system with water exchange of
0.7 L/min, water flow of 3—6 cm/s, and a 10:14 light/dark
photoperiod with a light intensity of 250 + 30 mol photons
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m~> 57" (measured by Apogee Lightmeter, Model MQ-510).
The water temperature of each tank was feedback-controlled
(GHL Temp Sensor digital, ProfiLux 3 and 4, GHL Advanced
Technology GmbH, Germany, and Schego Heater 300 and
600 W, Schemel & Goetz GmbH, Germany) and recorded
every 10 min (HOBO MX Pendant Temp, MX2201, Onset,
USA). Corals were fed with copepods 3 days per week
(Calanoide Copepoden, Zooschatz, Germany), except during
acute heat assays when no food was provided. Due to logistic
reasons, the experiment was conducted in three consecutive
runs using two coral species at a time: (1) A. muricata and M.
digitata, (2) P. verrucosa and S. pistillata, (3) G. fascicularis and
P. rus. The preconditioning phase for the experimental runs
started on 23.11.2021, 11.01.2022, and 04.02.2022, respec-
tively. Each experiment consisted of three phases: the
preconditioning phase, the acute heat stress test phase, and
the recovery phase (Figure 1).

Preconditioning Phase. During the preconditioning
phase, corals were exposed to three thermal regimes for 24
days, including a stable-high temperature (ST), a variable-high
temperature (VT), and a stable-ambient temperature (Am-
bient) as control regime (Figure 1A). Twelve fragments per
colony were evenly distributed among preconditioning treat-
ment tanks (four fragments per preconditioning regime).

The stable-ambient regime was held at 26 + 0.5 °C,
corresponding to the facility baseline temperature. In the
stable-high temperature regime, the temperature was increased
from 26 to 29 °C at 1 °C day ' and held constant for 18 days
(Figure 1 A). The variable-high temperature regime underwent
the same temperature increase to 29 °C, but then a diel
fluctuation with a 3 °C amplitude around 29 °C was imposed
for 18 days (Figure 1A). Subsequently, the temperatures in
both ST and VT regimes were decreased back to 26 °C within
a day and maintained constant for two more days, resulting in a
preconditioning phase of 24 days.

To quantify cumulative heat exposure, we calculated degree
heating weeks (DHW) for each experimental treatment. The
cumulative heat exposure in our preconditioning treatments
was calculated by summing all daily temperature anomalies
above the bleaching threshold of 27 °C (1 °C above the
maximum monthly mean, MMM = 26 °C). Following the
temperature ramp-up, corals were exposed to two distinct
thermal regimes for 18 days, and both regimes resulted in the
same total cumulative heat exposure of 7.71 DHW. Corals in
the ST treatment were maintained at a constant 29 °C for 18
days. For each day, the temperature anomaly was 3 °C above
MMM (29 °C — 26 °C = 3 °C). The cumulative heat exposure
was, therefore, 3 °C X 18 days = 54 °C-days, corresponding to
7.71 DHW (54 °C-days + 7 days). The VT treatment followed
a diel cycle, reaching 30.5 °C during the daytime and 27.5 °C
during the nighttime. The daytime anomaly was (30.5 °C — 26
°C) = 4.5 °C for 12 h, and the nighttime anomaly was (27.5
°C — 26 °C) = 1.5 °C for 12 h of every day. Over 24 h, the
combined daily anomaly averaged to ((4.5 °C x 12 h) + (1.5
°C X 12 h)) + 24 h = 3 °C. The total cumulative heat exposure
over 18 days thus also corresponds to 7.71 DHW.

Heat Stress Phase. Heat stress assays were conducted
after the preconditioning phase (Figure 1B). The assays were
set up using 12 X 40 L tanks, each equipped with a current
pump (easyStream pro ES-28, AquaLight GmbH, Bramsche/
Lappenstuhl, Germany) and 65 m mesh inflow filters to
prevent the intrusion of particles. The heat stress assays were
run at a light intensity of ~120 mol photons m™ s~ (white

https://doi.org/10.1021/acs.est.4c08640
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and blue sunaECO LED, AquaRay by Tropical Marine Centre,
United Kingdom). For each run, a total of 144 fragments (two
species, 12 colonies) were distributed among 12 tanks (six heat
and six control), with 12 fragments per tank. Each tank
contained three fragments per colony, one from each
preconditioning regime of the same species. The control
tanks were maintained at 26 °C. In the heat treatment, the
temperature was rapidly increased from 26 to 35 °C over 3 h,
held at 35 °C for 3 h, and then returned to 26 °C within 2 h.
Each heat stress assay began at 15:00 h, and following Voolstra
et al,>* coral responses were assessed 18 h later, at 9:00 am of
the following day. Because a meaningful assessment of the heat
stress responses critically depends on reaching a point of
differential bleaching between preconditioning treatments,
coral species were exposed to multiple heat stress cycles
depending on their inherent heat stress tolerance following
Doering et al.”” This was achieved by applying the same heat-
stress schedule twice for P. rus and three times for G.
fascicularis and M. digitata.

Recovery Phase. To understand how priming trade-offs
and short-term heat stress resistance were related to long-term
resilience, corals were monitored for 30 days following the
short-term heat stress assays. For this, half of the coral
fragments were transferred to a recovery aquarium at 26 °C for
30 days (Figure 1C), while the other half was frozen for further
analyses.” This division resulted in a 50% reduction in sample
size for each species during the recovery period. As the 30 day
window can be the most critical period during which coral
recovery or decline is most evident,”>” mortality was recorded
daily, with fragments deemed dead when no tissue remained
on the skeleton. Recovery was assessed by measuring
photosynthetic efficiency and changes in tissue color
(bleaching) at 15 and 30 days.

Coral Stress Response Measurements. Physiological
response variables were measured for each fragment at the end
of the preconditioning and heat stress phases, as well as during
the recovery period on day 15 and after the recovery period on
day 30. Since the post-preconditioning measurements of the
ambient treatment reflect the physiological status of corals,
both before and after preconditioning, as such, providing a
comprehensive overview of the baseline parameters of corals,
we did not assess physiological measurements before the
preconditioning phase. Heat stress phase data presented here
always refer to the measurements taken after the last heat stress
cycle of each species.

We measured the effective quantum yield of photosystem II
(YII) as a proxy of Symbiodiniaceae health using a pulse-
amplitude modulation (PAM) fluorometer equipped with a
clear plastic tube at the tip of the fiber optic cable to keep a
stable distance to the coral surface at a 45° angle (PAM-2500
Portable Chlorophyll Fluorometer, Heinz Walz GmbH,
Germany). Tissue color intensity was assessed as a proxy for
coral bleaching, as it has been shown to scale linearly with
symbiont density.”> Lighter colors indicated a decrease in
symbiont density and, thus, a stronger stress response or
bleaching severity. Tissue color intensity was obtained from
standardized pictures of each coral fragment documented with
a digital SLR camera (Nikon D7000) in an evenly illuminated
macro photo studio (80 X 80 X 80 cm, Life of Photo).
Fragments were placed on a black background with the larger
side facing the camera, next to a reference color card for white
balance (ColorChecker Passport Photo 2, Calibrite, US). First,
the background was removed from each image in Adobe
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Photoshop 2020. Cropped images were then analyzed with a
Python script,”® extracting the gray channel value for each pixel
to create a color intensity histogram. The mean value was used
to estimate the tissue color intensity. Bleaching severity was
assessed from tissue color intensity on a scale of 0 to 255, in
which O corresponds to white and 255 corresponds to black.
While O corresponds to pure white, the lowest value reached in
completely bleached fragments was 30. Photosynthetic
efficiency and tissue color intensity of dead coral fragments
during the recovery phase were manually set to 0 and 30,
respectively.

Statistical Analyses. All analyses were performed in the R
statistical environment (version 4.2.3; R Core Team, 2022)
with the package ggplot2 for visualization,”* dabestR v0.3.0 for
effect size calculations,”’ Ime4 v 1.1—35.2 for linear mixed
effect models,®> and car for ANOVAs.>> We conducted all
analyses separately for each physiological parameter and coral
species. Shapiro—Wilk tests were used to test the normality of
the data. Bartlett’s test and the Breusch-Pagan test were used
to confirm homogeneity of variances between groups and
constant variance of residuals, respectively.

First, the effects of the thermal preconditioning regimes on
baseline physiology of the corals were determined. For this,
tissue color intensity and effective photosynthetic yield
measured at the end of the preconditioning phase were
analyzed separately per species. Differences in physiology
between the ST and VT preconditioning regimes compared to
the Ambient were calculated as pairwise Hedges’ g effect sizes
using raw data. Then, differences were tested with linear mixed
effect models applying thermal regimes (ST, 29 °C vs VT, 29
+ 1.5 °C vs Ambient, 26 °C) as fixed factor and coral colony
genotype as random factor. Normality and homoscedasticity
for each model were checked, and where assumptions were
violated, data were transformed to improve model perform-
ance. ANOVAs were used to compute F statistics of the linear
mixed effect models.

Next, the effects of short-term heat stress exposure on the
physiology of corals from the three thermal regimes were
assessed. Physiological values measured after preconditioning
were used as a reference and compared against those measured
after heat stress within each preconditioning group with
nonparametric Wilcoxon tests. A significant difference
indicated the decline in physiological performance due to
heat stress exposure. To test whether the preconditioning
regime affected the intensity of the heat stress response, we
calculated Hedges’ g effect sizes within each preconditioning
regime on raw data. Then, for each physiological variable for
each coral fragment, a heat stress response metric was
generated by calculating A-values (“post-heat” minus “post-
preconditioning” measurements) indicative of the magnitude
of the physiological decline due to heat stress. Statistical
models compared the differences of A-values as a proxy for the
stress response between the three preconditioning groups
using a linear mixed effect model with coral colony genotype
and tank number as random factors. ANOVAs were used to
compute F statistics of the linear mixed effect models.

Last, we evaluated whether the effect of heat stress on
physiology was still detectable in the three thermal regimes 30
days after heat exposure. For this, we calculated the effect size
as Hedge’s g between control samples not exposed to heat
stress and the heat-exposed samples within each precondition-
ing regime, followed by two-sided permutation ¢ tests. Survival
was scored throughout (1 = alive, 0 = dead) and analyzed with

https://doi.org/10.1021/acs.est.4c08640
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Figure 2. Immediate changes in coral baseline physiology following thermal preconditioning. The changes in effective quantum yield (AF/F,) (A)
and tissue color intensity (C) in response to preconditioning thermal regimes are shown as boxplots, pairwise differences between the stable-high
(ST) and variable-high (VT) treatments compared to the stable-ambient (ambient) treatment are shown as Hedges’ g effect sizes including the 95%
CIs (B,D). Data in (A,C) are displayed as boxplots with raw data points; lines indicate medians, boxes indicate the first and third quartile, and
whiskers indicate +1.5 IQR. Connecting lines between boxes indicate significant differences between preconditioning regimes (p < 0.001%***, p
<0.01%*, p <0.05* from linear mixed effect models). Sample sizes per species: G. fascicularis = 16, P. rus = 32, A. muricata = 32, M. digitata = 16, P.

verrucosa = 28, S. pistillata = 20.

the R package survival®* and visualized using Kaplan—Meier
plots. A heat map of all effect sizes of stress responses,
recovery, and survival rates for each coral species was created
to summarize and integrate all results into one figure using

ggplot2.

B RESULTS

Effects of Thermal Preconditioning on Baseline
Physiology. Overall, photosynthetic efficiency and tissue
color intensity declined in response to both high-temperature
preconditioning regimes (Figure 2). Four of the six tested coral
species preconditioned under stable-high temperature (ST, 29
°C) and variable-high temperature (VT, 29 + 1.5 °C) had
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significantly lower photosynthetic efficiency and/or tissue
color intensity compared to corals in the stable-ambient
temperature regime (Ambient, 26 °C). Consequently, we
classified the six coral species into three main groups based on
the magnitude of physiological shifts observed after thermal
preconditioning: (1) “robust” for species with stable baseline
physiology; (2) “moderately sensitive” for species exhibiting a
moderate shift; and (3) “sensitive” for species with large
declines in baseline physiology (Table 1).

We classified G. fascicularis and P. rus as “robust” species as
their photosynthetic efficiency and tissue color intensity
remained stable in response to the thermal preconditioning
treatments (Figure 2, Tables 1 and S2). Specifically, the

https://doi.org/10.1021/acs.est.4c08640
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Table 1. Experimental Classification of Thermal Properties
of the Six Studied Coral Specie

no. of
heat receptiveness to stress
stress sensitivity to  hardening increased ~ recovery
species cycles  baseline shifts  heat stress tolerance ranking
G. 3 robust receptive 4+
fascicularis
M. digitata 3 moderately not receptive +++
sensitive
P. rus 2 robust moderately receptive ++
P. verrucosa 1 moderately moderately receptive +
sensitive
A. muricata 1 sensitive receptive -
S. pistillata 1 moderately not receptive -
sensitive

“The number of heat stress cycles needed to reach differential
bleaching is shown. Coral species were classified based on their
sensitivity to baseline physiological shifts through preconditioning as
follows: “robust” when their physiological parameters remained stable,
“moderately sensitive” when their parameters exhibited a small but
significant decline, and “sensitive” when their parameters showed a
large decline, close to a stress response. The receptiveness of each
species to stress hardening through preconditioning (i.e., increasing
heat stress tolerance) was scored as “receptive” when the heat stress
response of preconditioned corals was significantly lower than that of
the ambient group, “moderately receptive” when they exhibited minor
mitigation of the stress response and/or inconsistent responses, and
“not receptive” when the heat stress response was similar across all
preconditioning groups. Recovery was ranked according to the
following criteria: +++ when all stress-hardened corals survived and
recovered at a higher rate than the ambient group, ++ when more
than 50% of stress-hardened corals survived and recovered at a higher
rate than the Ambient group, + when less than 50% of stress-hardened
corals survived and only partially recovered, despite responding better
than the ambient group, — when none of the stress-hardened corals
survived after 30 days.

treatments had no significant effect on the baseline physiology
in G. fascicularis (p > 0.05) and only minor effects in P. rus,
where photosynthetic efficiency was slightly increased in the
VT treatment compared to the ambient treatment (g = 0.61, p
< 0.01; Figure 2A).

We classified M. digitata, P. verrucosa, and S. pistillata as
“moderately sensitive” based on a small but significant decline
in their physiological performance in response to thermal
preconditioning (Figure 2, Tables 1 and S2). Particularly,
photosynthetic efficiency significantly decreased by ~5% in P.
verrucosa (ST g=-104,p<0.001; VT g=—-0.98, p < 0.001)
and S. pistillata (ST g = —1.22, p < 0.001; VT g = —0.79, p <
0.05) compared to the ambient treatment. In contrast, it
remained stable in all preconditioning groups for M. digitata (p
> 0.05; Figure 2A,B, Table S2). Tissue color intensity
significantly decreased M. digitata (ST g = —1.09, p < 0.001;
VT g = —0.62, p < 0.001) and P. verrucosa (ST g = —0.81, p <
0.01; VT g = —1.00, p < 0.001) fragments on average by 11
and 7%, respectively. Tissue color intensity was significantly
reduced in S. pistillata ST treatment compared to the Ambient
treatment (g = —0.60, p < 0.001), and it was also statistically
different from the VT treatment (p < 0.0S, Figure 2C,D, Table
S2).

We ranked A. muricata as a “sensitive” species based on the
comparably large effects of thermal preconditioning on its
baseline physiology, which were approximately twice as large as
that of the “moderately sensitive” coral species (Table 1).
Photosynthetic efficiency decreased by roughly 20% in ST (g =
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—2.55, p < 0.001) and VT corals (g = —2.68, p < 0.001),
reaching levels of AF/F," below 0.5. Moreover, the decrease in
photosynthetic efficiency of VT corals was significantly larger
than in ST corals (p < 0.01). Similarly, the decrease in tissue
color intensity was significantly larger in the VT than in the ST
group (p < 0.001), which both decreased by 3 and 12% on
average compared to the Ambient group, respectively (ST g =
—0.63, p < 0.05, VT g = —1.99, p < 0.001; Figure 2, Table S2).
Nonetheless, preconditioned A. muricata fragments appeared
slightly paler, but visually healthy (Figure S1b). Overall, both
preconditioning treatments induced similar baseline physio-
logical changes in all coral species except for A. muricata and S.
pistillata, where the physiological response of VT corals was
significantly different from ST corals.

Effects of Thermal Preconditioning on Coral Thermal
Tolerance. Photosynthetic efficiency and tissue color intensity
significantly decreased in all coral species in response to the
acute heat stress (Figure 3). However, the heat stress response
was consistently more severe in the Ambient corals than those
from the ST and VT treatments and differences in photo-
synthetic efficiency were more intense than in tissue color
(bleaching). We classified the coral species into three groups
based on their receptiveness to stress-hardening treatments
(ST and VT). We classified coral species as (1) “receptive” to
stress-hardening when their heat stress response was
significantly smaller in the ST and VT preconditioning groups
compared to the ambient group; (2) as “moderately receptive”
when they showed only minor mitigation in stress response
and/or responses were inconsistent; (3) and as “not receptive”
when the heat stress response was similar across all
preconditioning groups (Table 1).

G. fascicularisand A. muricata were classified as “receptive” to
the stress-hardening effect of thermal preconditioning, as their
heat stress response was reduced in both response variables
(Figure 3, Table 1). In G. fascicularis and A. muricata the
declines in photosynthetic efficiency in the ST and VT groups
were significantly reduced by ~90 and 80% respectively,
compared to the Ambient group (ST p < 0.01; VT p < 0.001;
Figure 3A,B, Tables S3, SS and S6). Additionally, ST and VT
corals bleached significantly less (p < 0.001; Figure 3C,D,
Tables S4—S6). In G. fascicularis, bleaching of ST and VT
corals was half as severe as in the Ambient group (p < 0.001;
Figure 3C). While A. muricata bleached more severely across
all three regimes, the decline in tissue color was significantly
smaller in the ST and VT groups compared to the Ambient (p
< 0.001; Figure 3C,D). Furthermore, the bleaching severity of
VT A. muricata fragments was significantly lower than those
from the ST group (p < 0.5; Figure 3D).

P. rus and P. verrucosa were classified as “moderately
receptive” to thermal preconditioning. In these species, the
large decrease in photosynthetic efficiency in the ambient
group was mitigated in the ST and VT corals (ST p < 0.01; VT
p < 0.001) while bleaching severity was similar across
preconditioning treatments (Figure 3, Table 1). The decline
in photosynthetic efficiency of ST and VT corals was ~57%
smaller than Ambient P. rus and P. verrucosa fragments (Figure
3A,B, Tables S3, SS and S6). The severity of coral bleaching in
response to heat stress was more homogeneous across all
preconditioning treatments in these “moderately receptive”
species than in the “receptive” species (Figure 3C,D, Tables
S4—S6). In P. rus, bleaching severity was similar across all
preconditioning regimes (p > 0.05), while in P. verrucosa, ST
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Figure 3. Coral thermal tolerance assessed in heat stress assays following the thermal preconditioning treatments. The decline in effective quantum
yield (AF/F,,') (A) and tissue color intensity (C) in response to heat stress within each preconditioning group is shown as boxplots, comparing
“post-heat” (lighter color) and “post-preconditioning” (darker color) values. Pairwise differences between time points within each preconditioning
regime are shown as Cumming estimation plots on Hedges’ g effect sizes, including the 95% CIs (B,D). Data in (A,C) are displayed as boxplots
with raw data points. Connecting lines between boxes indicate significant differences between time points (p < 0.001%**, p < 0.01**, p < 0.05*
from Kruskal—Wallis and post hoc Wilcoxon test). Significant differences in heat stress responses between ST and VT compared to the Ambient
group are calculated based on the paired difference between “post-heat” and “post-preconditioning” time points and indicated by connecting lines
(p < 0.001%***, p < 0.01**, p < 0.05* from the linear mixed effect model). Sample size per species: G. fascicularis = 8, P. rus = 16, A. muricata = 16,

M. digitata = 8, P. verrucosa = 14, S. pistillata = 10.

and VT fragments bleached 30% less than in the ambient
treatment (ST p < 0.01; VT p < 0.001; Figure 3C,D).
Despite the strong difference in inherent heat tolerance
between M. digitata and S. pistillata, both corals were classified
as “not receptive” to thermal preconditioning. In both corals,
none of the treatments had any relevant effect on the stress
responses, however, the species-specific responses were very
different (Figure 3, Table 1). In M. digitata, the decrease in
photosynthetic efficiency after heat stress was minor and the
difference between preconditioning treatments was not
significant (p > 0.05; Figure 3A,B, Tables S3, SS and S6).
Additionally, bleaching in M. digitata was overall low, with
slightly less bleaching in the ST and VT groups compared to
the ambient (p > 0.01; Figure 3C,D). In contrast, photo-
synthetic efficiency severely decreased across all precondition-
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ing treatments in S. pistillata, as illustrated by the largest effect
sizes of the heat stress treatment across all species (Figure 3B)
and, although ST and VT preconditioning had a positive effect
compared to the Ambient regime (p < 0.001), photosynthetic
efficiency was extremely low in all groups after heat treatment
(ie., AF/E,’ ~0.2, Figure 3A,B, Tables S4—S6). Moreover, all
fragments bleached severely with no difference between the
preconditioning treatments (p > 0.05; Figure 3C,D). Overall,
all species demonstrated a similar receptiveness to both ST and
VT preconditioning treatments at large, regardless of the
species-specific level of stress mitigation.

Effects of Thermal Preconditioning on Coral Survival
and Recovery. Coral survival, photosynthetic efficiency, and
tissue color were monitored for 30 days after the acute heat
stress to evaluate the effect of thermal preconditioning regimes
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Figure 4. Coral survival rates and recovery following the heat stress assays. Kaplan—Meier plots show changes in coral survival rates under ST, VT,
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assays (C) for corals from the same preconditioning regimes reflect on the recovery of corals. Lines connect mean values (solid lines for heat
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within each “population” of each preconditioning regime. The effective quantum yield of dead coral fragments was recorded as 0, while tissue color
intensity was scored as 30 (the lowest score observed after the heat stress assay). Physiological parameters of alive P. verrucosa fragments were not
scored due to uncertainties introduced by algal growth on necrotic tissue, which started dominating the corals between day 0 and 15. Sample size
per species: G. fascicularis = 4, P. rus = 8, A. muricata = 8, M. digitata = 4, P. verrucosa = 7, S. pistillata = S.
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Figure 5. Heat map summarizing stress response physiology, survival, and recovery of six coral species following heat stress. The intensity of change
in the measured metrics is coded as the intensity of the colors, with lighter shades indicating a more severe response following heat and darker
shades indicating the stability of the metric. Effect sizes of the heat stress responses (AF/F,/, tissue color) were determined using the Hedges’ g
metric as the mean difference between the measurements of the heat and control treatment groups. Values indicate the relative decrease in
photosynthetic efficiency (AF/F,,’, green shades) and bleaching score (tissue color, brown shades) after heat stress and at the end of the recovery
period. Kaplan—Meier probabilities represent survival rates (blue to violet shades).

on coral recovery trajectories (Figure 4). Overall, coral survival Moreover, photosynthetic efficiency and tissue color of G.
was consistently lower in the Ambient group than in the ST fascicularis fragments from the ambient preconditioning
and VT groups (Figure 4A). Specifically, in the two species treatment did not fully recover within the 30 days after heat
with highest survival rates throughout the recovery period (i.e., stress (p < 0.05; Figure 4B,C). In contrast, both metrics
G. fascicularis and M. digitata) all ST and VT fragments recovered to prebleaching levels in VT fragments (p > 0.0S;
survived the heat treatment, while the survival rate was only 50 Figure 4B,C). In M. digitata, photosynthetic efficiency and
and 75% in the Ambient treatment, respectively (Figure 4A). tissue color of fragments recovered in all preconditioning
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groups after 30 days, with slightly slower recovery in corals
from the ambient preconditioning group (p > 0.05; Tables S4
and S6).

Importantly, corals with an inherently higher thermal
tolerance exhibited higher survival and recovery than the less
heat-stress tolerant species (Table 1). After G. fascicularis and
M. digitata, P. rus was the second most heat-stress tolerant
species, and it also benefited from the preconditioning, as 75
and 87% of ST and VT corals survived after heat stress,
respectively, compared to 12% of the ambient treatment
(Figure 4A, Table 1). Recovery of photosynthetic efficiency
and tissue color was highest in the VT group, where both
metrics regained roughly half of the loss immediately after heat
stress (p > 0.05; Figure 4B,C). For the ST corals, both metrics
remained stable at post-heat stress levels (p < 0.05) while
decline continued over time in the ambient group (p < 0.001;
Table S7). In P. verrucosa, all ambient corals died after heat
stress, while 43 and 27% of ST and VT fragments survived,
respectively (Figure 4a). All surviving fragments had extensive
necrotic areas covered by algae, hampering reliable measure-
ments of photosynthetic efficiency and bleaching. In A.
muricata and S. pistillata, which had the lowest inherent heat
stress tolerance (Figure 3, Table 1), all fragments died before
the end of the 30 day monitoring period. This included ST and
VT fragments, which initially seemed promising, as heat stress
responses were milder (Figure 4A).

Comparative Evaluation of Stress-Hardening Effects
of the Thermal Preconditioning Treatments. In sum-
mary, the ST and VT preconditioning treatments had a stress-
hardening effect on corals, increasing the thermal tolerance,
survival, and recovery rate of most coral species (Figure S).
Overall, the receptiveness to ST and VT regimes was
statistically different only in A. muricata, as VT corals bleached
less than ST corals (p < 0.05). Nonetheless, corals
preconditioned with the VT treatment exhibited a slightly
higher increase in thermal tolerance (~10%) and faster
recovery than the ST preconditioned corals (Figure S; Tables
S3—S6). This pattern was consistent across most coral species
and metrics. The differences between the effects of the ST and
VT treatments were smaller than the difference between these
two treatments in comparison to the Ambient treatment,
where the strongest declines occurred (Figure ).

B DISCUSSION

We demonstrated that preconditioning with stable-high (ST)
and variable-high thermal (VT) regimes successfully stress-
hardened corals, enhancing their heat tolerance across species
and, in most cases, improving long-term recovery compared to
untreated corals in the stable-ambient (Ambient) regime.
However, receptiveness to stress-hardening varied across coral
species and thermal preconditioning led to a shift in baseline
physiology, slightly reducing performance in all branching coral
species. These findings highlight the need to consider species-
specific traits and potential baseline shifts when designing
thermal preconditioning protocols for coral stress hardening.
Thermal Preconditioning Shifts the Physiological
Baselines of Corals. Our data revealed that the branching
coral species shifted their physiological baseline in response to
thermal preconditioning regimes. These corals were also paler
than those from the Ambient control group, indicating a
decrease in symbiont cell density and chlorophyll content after
the preconditioning phase.”” Adjustment of symbiont cell
densities is a long-known acclimatization mechanism of corals
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along temporal and spatial gradients of temperature and
light.”> ™" It is also involved in the modulation of heat stress
tolerance, where corals with lower symbiont densities are less
susceptible to heat stress than those with high symbiont
densities.””***” As symbiont numbers decrease, so does the
production of hazardous molecules, such as reactive oxygen
species during heat stress by these symbionts, linking the
initially lower symbiont densities to higher resistance and
resilience to heat stress.*>%%%

The physiological baseline of massive-growing corals was
less sensitive to thermal preconditioning. A naturally low
physiological plasticity of these massive corals’’ could explain
their low sensitivity to preconditioning treatments. However,
massive-growing coral species have previously also been shown
to modulate symbiont densities in response to changes in
temperature and light.”"”> Additionally, our observation could
be explained by their high natural heat stress tolerance,”"
allowing them to tolerate the specific ST and VT
preconditioning treatments without the need to modify their
physiological functioning. However, as the differences between
growth forms were unexpected, further research with a higher
number of species may statistically corroborate these
observations and help to uncover the underlying mechanism.

The physiological baseline shift in response to the
preconditioning treatments in the branching coral species
may provide physiological priming to better cope with heat
stress, which may include metabolic changes,”””>”* symbiont
flexibility,'”>* and enhanced stress-response mechanisms.'*"’
However, it is also likely to entail trade-offs that affect
physiological functioning and productivity in the long term.
For instance, the observed reductions in symbiont density and
photosynthetic efficiency could be accompanied by reduced
skeletal igrow‘ch rate due to energy resource allocation to tissue
growth.”>” Consequently, the energy demands of the
holobiont may not be fully covered in the long term.”'>”*7®
Therefore, the increase in thermal tolerance should be
considered a complex trait that will depend on the amount
of energy reserves and the energy budgetinﬁg strategy of the
corals before and during heat stress phases.”””’

Exposure to warmer temperatures may induce shifts in the
Symbiodiniaceae community toward assemblages dominated by
thermo-tolerant species (e.g, Durusdinium trenchii).>”>*® In
general, such tolerant symbionts are often characterized by a
lower photosynthetic activity at ambient temperature com-
pared to the less heat-tolerant symbionts.””**””** They also
translocate less carbon to the host and support lower growth
rates.”’ While symbiont communities were not monitored,
community shifts are deemed unlikely to occur in all studied
distantly related coral species within the short time frame of
thermal preconditioning applied in this experiment.®>**

Thermal Preconditioning Enhances Coral Heat-Stress
Tolerance. Our aquarium experiments demonstrated that
thermal preconditioning can be applied to stress-harden corals
and enhance their ability to cope with acute heat stress,
contributing to the growing body of literature that has reported
this phenomenon primarily from the field and including a few
ex situ studies.''@'#1%*%3%35 In some species, thermal
tolerance increased by over 80% and massive-growing species
were generally more receptive to thermal preconditioning
treatments than branching species. Yet, the receptiveness was
not related to the inherent thermal tolerance of each coral
species. For example, inherently tolerant M. digitata was less
receptive to preconditioning than other inherently tolerant (G.
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Figure 6. Conceptual representation of the receptiveness to thermal stress-hardening vs the inherent thermal tolerance and susceptibility to
baseline shifts through preconditioning in six coral species. The visual representation of each species’ receptiveness to stress-hardening relative to
their inherent thermal tolerance provides valuable insights for customizing stress-hardening protocols. Species with high values in both metrics are
ideal candidates for restoration programs using stress-hardening, as they can endure extreme thermal anomalies and improve their tolerance to
higher temperatures through preconditioning. Species with high receptiveness but low inherent thermal tolerance are also promising, though local
environmental conditions, particularly in heat-wave-prone areas, must be considered. Species with high thermal tolerance but low receptiveness to
priming may be suitable for restoration programs without thermal priming, as such stress-hardening treatments do not lead to further gains in
thermal tolerance. Conversely, species with low tolerance and low receptiveness may not be ideal candidates for such restoration programs. For
these species, alternative stress-hardening approaches need to be considered.

fascicularis) or sensitive species, such as A. muricata and P.
verrucosa (Figure 6). Such interspecific differences in
receptiveness to stress-hardening treatments may explain the
partially conflicting results found in other studies, especially
considering that such investigations were conducted on
different coral species.””*%*”%*

The specific features of thermal priming conditions, such as
the mean exposure temperature and the diel temperature
amplitude, are crucial in determining the receptiveness of
corals to stress-hardening though preconditioning and
increases in stress tolerance. We found that the two
preconditioning regimes had similar effects within each coral
species. Nonetheless, corals exposed to the variable thermal
regime exhibited a greater increase (i.e., approximately 10%) in
thermal tolerance. This pattern was consistent across species
and response variables, suggesting that thermal variability is a
crucial feature to effectively stress-harden corals. This aligns
with a growing body of literature documenting that exposure
to fluctuating temperature regimes can enhance thermal
tolerance.”*

The individual acclimatization capacity and/or life-history
strategy of the coral species must also be taken into
account.””*™*" Species with competitive life-history strategies,
such as P. verrucosa may be more sensitive to extreme
temperatures and unable to increase their thermal tolerance as
they live near their upper thermal limits. Consequently,
preconditioning may be less effective than in weedy or
stress-tolerant species such as P. rus and G. fascicularis. In
addition, the stress-tolerant P. lobata living in more stable
environments exhibited higher thermal tolerance than
conspecifics living in environments with higher variability,
whereas the competitive species A. aspera and the weedy
species P. damicornis showed the opposite pattern.”* Addition-
ally, our results reveal that coral receptiveness to stress-
hardening may vary across genotypes. For example, in G.
fascicularis, all genotypes were receptive to preconditioning. In
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contrast, other species (e.g, P. rus, P. verrucosa, and S.
pistillata) showed a heterogeneous response at the colony level.
Notably, inherently more receptive genotypes are a reservoir of
adaptive capacity to environmental stressors.”>* Therefore, as
receptiveness to thermal preconditioning will largely depend
on the type of priming stimulus and the unique thermal
tolerance range and life-history traits of each coral species, an
empirical assessment of species-specific stress-hardening
receptiveness is recommended prior to devising large-scale
preconditioning efforts.

Thermal Preconditioning Enhances Resilience. Our
study demonstrated that stress-hardened corals had higher
survival and recovery rates 30 days after acute heat stress.
Interestingly, the positive effects of the VT treatment excelled
over those of the ST treatment. Similarly, other laboratory-
based experiments and in situ studies have shown that
resilience was superior in corals from high-variability environ-
ments compared to other habitats, suggestin% that fluctuating
temperatures promote metabolic flexibility.'®*"*"°

The immediate stress mitigation did not consistently
correlate with long-term resilience. Instead, we showed that
the increase in resilience was directly linked to the inherent
thermal tolerance of each coral species. One explanation for
the lower resilience in the thermally sensitive species may be
that the heat stress assay exceeded their upper thermal limit,
beyond which preconditioning treatments could not further
rescue the corals. This aligns with observations in the reef
where species from the Acroporidae and Pocilloporidae families
are known to suffer high mortalities during bleaching events
and have a weak capacity to recover.””” Accordingly, in our
experiment, the low recovery and high mortality of A. muricata,
P. verrucosa, and S. pistillata, might be linked to their lower
upper thermal limits.”””® Nevertheless, Acropora-dominated
intertidal reefs also bleached less and recovered faster than
communities from more thermally stable subtidal habi-
tats.”***** Reconciling these observations, we conclude that

https://doi.org/10.1021/acs.est.4c08640
Environ. Sci. Technol. 2025, 59, 8527—8540


https://pubs.acs.org/doi/10.1021/acs.est.4c08640?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08640?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c08640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

preconditioning treatments, when applied in appropriate doses,
have the potential to enhance the resilience of sensitive coral
species and can help maintain the stability of their
communities. To validate the results from our aquarium
experiment, future research should test the effects of
preconditioning on coral species in the reef.

During the recovery phase, the higher symbiont performance
of ST and VT groups was linked to a significant increase in the
survival and recovery rates, suggesting that a limited number of
well-performing symbionts may be enough to support coral
recovery.””> Our findings further confirm the work by
Middlebrook et al,”> who showed that corals exposed to a
priming stimulus exhibited enhanced photosynthetic efficiency
during heat stress, while the susceptibility to bleaching
remained unchanged. This finding suggests that in stress-
hardened corals, symbiont performance may be more
important than symbiont density in determining coral
resilience.”*>”

Identifying the Optimal Thermal Regime to Effi-
ciently Stress-Harden Corals. Characteristics of the thermal
regime, such as temperature increase, fluctuation amplitude,
temperature extremes, and exposure duration are crucial to the
success of stress-hardening approaches.””*****>*® In our
study, both preconditioning regimes increased the thermal
tolerance of corals through exposure to a mean temperature of
29 °C, which is 3 °C above the stable long-term temperature
maintained in our aquarium facility. Our results are therefore
consistent with previous studies that documented stress-
hardening effects at 29 °C (3 °C above the average presummer
temperature at the study site in Kane’ohe Bay),”* while an
increase of 2 °C was insufficient to trigger such effects.’®
However, despite the same mean temperatures in our thermal
regimes, the diel fluctuations of 3 °C, below the long-term
bleaching temperature threshold of 31 °C in the VT
treatment,”® further increased the thermal tolerance of corals
by approximately 10% compared to those in the ST treatment.
This aligns with the large body of literature demonstrating that
organisms from variable habitats exhibit greater stress tolerance
than those from stable habitats'”*"**** and that the effect is
maximized when corals experience a diel thermal variability of
2—3 °C.** This is probably related to enhanced stress
mitigation and detoxification mechanisms, as seen in fresh-
water organisms exposed to heavy metals,”’ with both
temperature maxima and minima influencing priming out-
comes.'*****°7 However, the similar outcomes of the ST and
VT preconditioning treatments in our study suggest that the 3
°C temperature increase is the primary driver of the stress-
hardening effect. Yet, implementing thermal variability rather
than a stable high-temperature regime promises to optimize
the stress-hardening effect.
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