
REPORT

Pre-exposure to a variable temperature treatment improves
the response of Acropora cervicornis to acute thermal stress

Allyson DeMerlis1,2 • Amanda Kirkland3 • Madeline L. Kaufman2 •

Anderson B. Mayfield1,4 • Nathan Formel1,4 • Graham Kolodziej1,4 •

Derek P. Manzello5 • Diego Lirman2 • Nikki Traylor-Knowles2 • Ian C. Enochs1

Received: 8 July 2021 / Accepted: 31 January 2022 / Published online: 23 February 2022

� The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract Given that global warming is the greatest threat

to coral reefs, coral restoration projects have expanded

worldwide with the goal of replenishing habitats whose

reef-building corals succumbed to various stressors. In

many cases, however, these efforts will be futile if out-

planted corals are unable to withstand warmer oceans and

an increased frequency of extreme temperature events.

Stress-hardening is one approach proposed to increase the

thermal tolerance of coral genotypes currently grown for

restoration. Previous studies have shown that corals from

environments with natural temperature variability experi-

ence less bleaching when exposed to thermal stress, though

it remains unclear if this localized acclimatization or

adaptation to variable temperatures can be operationalized

for enhancing restoration efforts. To evaluate this

approach, fragments from six source colonies of nursery-

raised Caribbean staghorn coral (Acropora cervicornis)

were treated with a variable temperature regime (oscillat-

ing twice per day from 28 to 31 �C) or static temperatures

(28 �C) in the laboratory for 89 d. Following this, frag-

ments were subjected to a heat-stress assay (32 �C) for 2
weeks. Corals treated with variable temperatures mani-

fested signs of severe thermal stress later than static tem-

perature laboratory controls as well as untreated field

controls collected from the nursery. Furthermore, there was

a stark contrast in the physiological response to heat stress,

whereby the laboratory and field control groups had a

significantly higher incidence of rapid tissue sloughing and

necrosis, while the variable temperature-treated corals

succumbed to bleaching more gradually. Overall, our data

show that pre-acclimation to a variable temperature regime

improves acroporid thermotolerance. As corals continue to

be outplanted back onto Florida’s changing reef scape,

understanding the molecular mechanisms underlying this

enhanced thermal tolerance and its endurance in situ will

be critical for future research and restoration applications.

Keywords Acropora cervicornis � Coral reef � Coral
restoration � Heat stress � Stress-hardening

Introduction

Ocean warming is the most pressing stressor threatening

corals and has led to an emergence of proactive efforts to

combat rapid declines in reef-building coral populations.

The primary method for this is coral reef restoration, which

traditionally utilizes in situ or ex situ nurseries to propagate

coral fragments from locally sourced populations (re-

viewed in Boström-Einarsson et al. 2020; Hein et al. 2020).
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The coral colonies are cared for by restoration practitioners

until they reach a certain size, then are outplanted back

onto local reefs where they can continue to grow until their

populations become self-sustaining (Schopmeyer et al.

2017; Baums et al. 2019). However, if fossil fuel emissions

continue at their current rates, annual coral bleaching

events are projected to occur globally by mid-century (van

Hooidonk et al. 2016), and reefs in the Florida Keys may

experience this sooner (Manzello 2015). Even if we

achieve significant reductions in global anthropogenic

carbon emissions, it is imperative that coral reef restoration

efforts plan for an inevitably warmer ocean.

In Florida, coral restoration projects began with the

growth and propagation of two reef-building, branching

coral species that were once ubiquitous on the reef tract:

Acropora cervicornis (staghorn coral) and Acropora pal-

mata (elkhorn coral). Both experienced significant declines

in abundance following a disease outbreak that began in the

late 1970s (Bruckner 2002) and led to their ‘‘threatened’’

listing on the U.S. Endangered Species Act in 2006

(National Marine Fisheries Service 2006). These species

grow quickly and are easily fragmented due to their

branching morphology, making them ideal candidates for

coral restoration projects. In recent decades, acroporid

propagation and outplanting efforts have grown in range,

scale, and efficiency due to increasing investments in

restoration research, methodological optimization, and

collaborative efforts across research and management

groups (e.g., Lirman et al. 2010; Johnson et al. 2011;

Young et al. 2012; Goergen and Gilliam 2018).

Currently, tens of thousands of acroporid colonies are

raised and outplanted on Florida’s coral reef every year,

with[ 70% survivorship observed 1 yr after outplanting

(Lirman and Schopmeyer 2016; Schopmeyer et al. 2017).

Recent research has begun to disentangle the effect of

genotype and environment on the survivorship of nursery-

propagated corals using reciprocal transplant experiments

(Drury et al. 2017; Drury and Lirman 2021) and the wealth

of outplant monitoring data from local coral restoration

organizations (Ware et al. 2020; van Woesik et al. 2021).

Long-term survivorship is more difficult to predict due to

the limited duration of monitoring efforts (nor-

mally * 18 months based on logistical and/or funding

constraints; Boström-Einarsson et al. 2020). Survivorship

models using outplant monitoring data of A. cervicornis in

the Florida Keys project 40% survivorship after 2 yr and

just 10% survivorship after 7 yr at certain sites (Ware et al.

2020; van Woesik et al. 2021). This suggests that the

standing genetic variation of Florida A. cervicornis geno-

types used in restoration may be insufficient to rebuild

reefs due to the intensity and complexity of environmental

stressors they face. Therefore, enhancing coral resilience

through human-assisted interventions may become

necessary to ensure the long-term survival of outplants

(Anthony 2016; National Academies of Sciences, Engi-

neering, and Medicine 2019).

The stress-hardening technique (i.e., ‘‘pre-conditioning’’

or ‘‘assisted acclimatization’’), defined as the deliberate

pre-exposure to an acute stressor to confer stress tolerance

(van Oppen et al. 2015), is a human-assisted intervention of

particular interest. Following exposure, intra-generational

changes may be induced in coral colonies propagated for

restoration with the potential for the acclimatory effect to

be passed on to future generations (Putnam and Gates

2015; Torda et al. 2017; Liew et al. 2020). The stress-

hardening technique was recently attempted using sub-

lethal temperature treatments on Montipora capitata, and

the results demonstrated that acclimatization potential is

influenced by the type of temperature treatment, host

genotype, symbiont community composition, and historical

patterns of bleaching (Dilworth et al. 2021). Additionally,

pre-exposure to thermal stress has been shown to act as a

protective mechanism during coral bleaching events on the

Great Barrier Reef (Ainsworth et al. 2016), with similar

observations made in the laboratory using heat-stress

assays on Indo-Pacific acroporid species (Middlebrook

et al. 2008; Bellantuono et al. 2012a, b; Bay and Palumbi

2015; Ainsworth et al. 2016). Furthermore, with more

frequent warming events in recent years, there has been an

opportunity to observe the heat-stress response of several

coral populations in situ that experienced back-to-back

thermal events exceeding the bleaching threshold. For

several reefs that have experienced this phenomenon,

bleaching was less prevalent during the subsequent

warming event (Guest et al. 2012; Gintert et al. 2018; Fisch

et al. 2019; Hughes et al. 2019; Wall et al. 2021). Overall,

these studies support the idea that, in certain locations and

for certain coral species, prior exposure to aberrant tem-

perature profiles confers a degree of thermal tolerance, and

that this tolerance can persist over time.

In addition, both the duration of exposure and the degree

of temperature variability play roles in coral thermotoler-

ance. For reef habitats with relatively large natural tem-

perature fluctuations, such as in back reefs and lagoons,

bleaching-resistant corals have been identified during

extreme warming scenarios (Carilli et al. 2012; Rivest et al.

2017; Safaie et al. 2018; Morikawa and Palumbi 2019;

Schoepf et al. 2020). On the global scale, regions with a

higher variance in daily, weekly, and seasonal sea surface

temperatures experience significantly less bleaching (Sully

et al. 2019). To isolate the role of temperature variability

alone in bleaching resistance, fragments of corals from

different lagoons of American Samoa were exposed to

thermal stress in the laboratory, and it was found that corals

from thermally variable pools had much higher survivor-

ship than corals from less thermally variable pools (Oliver
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and Palumbi 2011). Reciprocal transplantation led to

higher thermotolerance of the corals moved to the highly

variable pools, and phenotypic changes were estimated to

be primarily driven by local acclimatization rather than

fixed effects (Palumbi et al. 2014). In Florida, a similar

trend was observed following a reciprocal transplant of

Porites astreoides between an inshore, variable thermal

environment and an offshore, stable environment, where

the inshore environment promoted greater thermal plas-

ticity (Kenkel and Matz 2016). Due to the increased ther-

motolerance observed across studies, temperature

variability may act as a natural stress-hardening treatment.

Given the need for enhancing thermotolerance in Flor-

ida’s coral outplants, and the growing body of work sup-

porting thermal stress-hardening and rapid acclimatization,

we investigated the efficacy of a variable temperature

treatment to stress-harden nursery-raised fragments of A.

cervicornis in a laboratory experiment. We hypothesized

that prior exposure to oscillating temperatures reaching

thermally stressful conditions twice per day over the course

of three months would delay the onset of coral bleaching in

a simulated heat-stress event. Furthermore, we hypothe-

sized that this variable temperature regime would stress-

harden nursery-raised A. cervicornis fragments regardless

of genotype, demonstrating a mechanism that has the

potential to be applied across populations used in coral

restoration.

Methods

Coral collection and husbandry

Six source colonies of A. cervicornis were collected from

the University of Miami’s in situ coral nursery in Miami,

FL (25.6763, - 80.0987; depth = 9 m) on February 6,

2019. At least 1 yr prior, these source colonies were col-

lected from three different reefs in South Florida (N = 2/

reef; Fig. 1a): ‘‘Broward’’ (the northernmost reef;

26.18298, - 80.08933 [‘‘North’’]), ‘‘Yung’s’’ (intermedi-

ate latitude; 25.56418, - 80.1049 [‘‘Mid’’]), or ‘‘Kelsey’s’’

(southernmost reef; 25.3889, - 80.1627 [‘‘South’’]). To

characterize each reef’s thermal history, maximum

monthly mean (MMM) temperatures were determined

using the 4-km resolution monthly sea surface temperature

climatology, which was derived from harmonic analysis of

the advanced very high-resolution radiometer (AVHRR)

Pathfinder version 5.0 temperature time series data for

1982–2008 (Casey et al. 2010). The MMM temperatures

are as follows: North reef = 29.71 �C, Mid reef = 30.00 �
C, South reef = 30.01 �C, and the in situ Key Biscayne

coral nursery = 29.92 �C (Kaufman et al. 2021). Either

‘‘A’’ or ‘‘B’’ were assigned in this study to denote the

distinct colonies from each site. Three of the six source

colonies were recently genetically characterized using

SNP-CHIP genotyping at Penn State University (Kitchen

et al. 2019). The remaining three colonies were col-

lected[ 5 m apart from other source colonies at each

original reef site to ensure genetic distinction between

colonies (Drury et al. 2016). As such, each source colony

will be considered a unique genet in this study.

The six genets were brought back to the Experimental

Reef Laboratory at the University of Miami’s Rosenstiel

School for Marine and Atmospheric Science and frag-

mented into 128 pieces (N = 20–25 fragments/genet

each * 5 cm in height) on February 7, 2019. Apical tips

were removed to maintain consistency in growth and

healing across replicates. Each fragment was glued to an

acrylic pedestal using a cyanoacrylate adhesive, then

placed randomly in one of two fiberglass raceways for

laboratory acclimation and subsequent temperature treat-

ments (Raceway 1: 1.83 9 0.69 9 0.22 m; Raceway 2:

1.83 9 0.51 9 0.22 m).

Temperature treatments

All corals recovered at 24 �C for 12 d in their randomly

assigned raceways, at which point tank temperatures were

gradually increased to 28 �C over 5 d. This temperature

was selected to mimic a plausible summertime temperature

that would promote healthy coral growth. Following a 27-d

acclimation at 28 �C, 82 fragments were subjected to one

of two treatments for 89 d (March 21, 2019–June 17,

2019). The first treatment involved an oscillating temper-

ature regime, where corals (referred herein as the ‘‘Vari-

able’’ group, N = 39) experienced two 3-h exposures to

31 �C d-1 prefaced by a 3-h increase from 28 �C and

followed by a 3-h decrease to 28 �C (Fig. 1b). The labo-

ratory control fragments (N = 43) remained at 28 �C for

89 d (Fig. 1b).

Heat-stress assays

There were two heat-stress assays conducted during this

experiment to assess the effect of pre-acclimation on coral

thermotolerance in high temperature stress. The first heat-

stress assay was conducted on a subset of corals (referred

to herein as the ‘‘Field control’’ group, N = 46) with the

temperature ramp-up to 32 8C starting on March 15, 2019,

37 d after collection from the in situ nursery, to evaluate

genotypic differences in thermotolerance prior to stress-

hardening. Corals were randomly distributed across ten

glass aquaria (0.58 9 0.58 9 0.27 m), and the temperature

was increased by ? 0.5 �C d-1 for 8 d until 32 �C was

reached. This temperature was chosen to reflect a plausible

summertime condition that would lead to acute thermal
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stress on the order of days. This temperature was main-

tained for 20 d, concluding on April 10, 2019 (Fig. 1c).

The second heat-stress assay was conducted using the

fragments from the laboratory control and variable tem-

perature groups after their 89-d treatment period. Corals

were randomly distributed across six glass aquaria and

subjected to the same heat-stress assay described above for

15 d, concluding on July 9, 2019 (Fig. 1d).

Laboratory tank conditions

The raceways and glass aquaria (collectively called

‘‘tanks’’) used during this experiment had similar envi-

ronmental parameters for holding A. cervicornis fragments

for an extended period and are described in detail below.

Each tank featured one or two circulation pumps (de-

pending on volume of tank) set to an output flow rate of 53

gallons per hour (Nanostream 6040, Tunze). Seawater from

Biscayne Bay was filtered to 25 lm and supplied to each

tank via continuous fresh seawater drip at 150 mL min-1

(calibrated weekly). Two or three 135-W LED arrays

(Hydra 52 HD, Aqua Illumination) illuminated each tank,

depending on the length of the tank. Across a 24-h diel

cycle, lights were off from 19:00 to 6:00, followed by a 3-h

gradual increase from darkness to midday target levels of

approximately 250 lmol photons m-2 s-1, which were

sustained for 7 h (9:00–16:00). At 16:00, light was grad-

ually decreased over 3 h to complete darkness by 19:00

(Fig. 1b). Photosynthetically active radiation (PAR) was

continually monitored throughout the experiment using a

spherical quantic sensor (MQ-200, Apogee). Coral frag-

ments were rotated around the tanks daily to balance light

irradiance exposure. Temperature was (1) maintained with

a 300-W aquarium heater (TH-300, Finnex) and a titanium
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Fig. 1 a Map of the three original reef sites where corals were

collected (Broward (North Reef), Yung’s (Mid Reef), and Kelsey’s

(South Reef)) and the in situ nursery where they were maintained and

propagated (Key Biscayne Nursery). b Mean temperature at each

15-min interval for the 89-d temperature treatments for the laboratory

control (blue) and variable (red) corals. Outer ribbons of the mean

temperature represent standard deviation. Gray shaded blocks depict

diel light fluctuations as controlled by LED illumination, and the

change in opacity represents the gradual ramping up and down of

light levels. c The field control heat-stress assay conducted from

March 15–April 10, 2019. Black line depicts the mean temperature

across the multiple glass aquaria (N = 10). Dark shading around lines

represents standard deviation of mean temperature across tanks. d The

laboratory control and variable temperature-treated coral heat-stress

assay conducted from June 17–July 9, 2019. Black line depicts the

mean temperature across the multiple glass aquaria (N = 6). Dark

shading around lines represents standard deviation of mean temper-

ature across tanks
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chiller coil (Hotspot Energy), (2) measured using a high-

accuracy RTD sensor (TTD25C, ProSense), and (3) con-

trolled and logged using custom software written in Lab-

VIEW (National Instruments) following Enochs et al.

(2018). All coral fragments were fed via a broadcast

feeding method, with each tank dosed with 5.5 lg/mL of

Reef-Roids (Polyplab), once per evening during both the

temperature treatments and the heat-stress assays. Given

the high concentration of food administered, the tank flow

was maintained during feeding.

Coral response variables

Coral health was monitored throughout the experiment for

the three treatment groups (field controls, laboratory con-

trols, and variable temperature fragments) via four

response variables: (1) coral tissue color (visual scale and/

or photographic color score quantification), (2) number of

days until either tissue sloughing or bleaching to a color

score of D1 (both described in detail below), (3) coral

appearance, and (4) photosynthetic efficiency of the in

hospite dinoflagellate endosymbionts (pulse amplitude-

modulated [PAM] fluorometry). Each is described in detail

below.

Coral tissue color

Coloration of the coral fragments was visually determined

daily during both the field control and laboratory con-

trol/variable 32 �C heat-stress assays using the D1–D6

scale on the Coral Color Reference Card (Siebeck et al.

2006). For the heat-stress assay involving the laboratory

controls and variable temperature treatment group, an

additional, more quantitative assessment of coral tissue

coloration was conducted using photographs that were

taken daily using an underwater camera housing setup to

standardize the distance of image capture (Canon Power-

shot G1X) with the reference card and Kodak Gray

Scale attached (Fig. S1). Each coral fragment’s coloration

was converted into a numeric value using a method adapted

from Winters et al. (2009). Briefly, photos were imported

into ImageJ software (Schneider et al. 2012) and white

balance was standardized to the M (8) value on the Kodak

Gray Scale. Next, four points of a 3-pixel-radius were

randomly selected on each coral (omitting shadows and

apical tips) to calculate red–green–blue (RGB) intensity

values on the scale of 0 (black) to 255 (white). As previous

research has shown that the R-intensity value correlates

most closely with chlorophyll a concentrations of in hos-

pite dinoflagellate endosymbionts (Winters et al. 2009),

R-intensities of 4 points were acquired and averaged for

each coral fragment. The ImageJ scripts for this analysis

are provided in the Supplemental Materials.

Coral thermal stress responses

During each day of the 32 �C heat-stress assays, when a

fragment was assigned a color score of D1 on the color

reference card, indicating complete bleaching, the coral

was removed from the heat-stress assay and relocated to

separate glass aquaria for recovery. These recovery tanks

were set at an ambient temperature of 28 �C with the same
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Fig. 2 Mean number of days

until coral fragments exhibited

signs of tissue loss or bleaching

(receiving a color score of D1)
during the heat-stress assay after

being subjected to one of two

treatments (laboratory control or

variable) or after removal from

the field, separated by original

reef site where corals were

sourced (North, Mid, or South

reef). Green = field control,

blue = laboratory control,

red = variable temperature

treatment. Within the area of

each bar, the proportion of

fragments within each

treatment that experienced

tissue loss versus bleaching are

encoded as either dark shading

(tissue loss) or light shading

(bleaching). Error bars are

standard deviation
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lighting, water flow, and feeding regime parameters as

described above for the other tanks. The number of days

until bleaching was recorded as a metric for assessing

tolerance in thermal stress. In addition to coral bleaching,

symptoms of rapid tissue sloughing and necrosis were

observed at such a high rate that the occurrence of this

response was also recorded. Corals that displayed signs of

rapid tissue loss (RTL), where epithelial tissue quickly and

completely dissociated from the coral skeleton, were

removed from the heat-stress assay. The number of days

until tissue loss was also quantified and used as a secondary

metric for gauging thermal stress. Note that the number of

days until removal was calculated with day zero equating

to the first day that the temperature of the heat-stress assay

reached 32 �C.

Coral appearance

On the day that a fragment was removed from the heat-

stress assay due to either reaching a color score of D1 on

the color reference card or due to signs of RTL, the type of

response, or coral appearance (bleaching vs. RTL), was

recorded.

Photosynthetic efficiency

PAM fluorometry was used to measure the maximum,

dark-adapted yield of photosystem II (Fv/Fm) of the

dinoflagellate endosymbionts in hospite twice during the

89-d laboratory control/variable temperature treatment and

every 3–4 d during the 32 �C heat-stress assays (sensu

Warner et al. 1996; Ralph et al. 2015). Corals were dark-

acclimated for 45 min prior to use of Imaging-PAM MAXI

Version (Walz, Germany). During each PAM session, one

area of interest was selected per coral fragment (avoiding

their apical tips).

Statistical analyses

All analyses were performed in R Programming Language

version 4.0.2 (RStudio Team 2015). The numbers of days

until coral fragments bleached to a score of D1 or exhibited

RTL in the 32 �C heat-stress assay among the three treat-

ments and six genotypes were assessed using a two-way

ANOVA: Genotype ? Treatment ? Genotype*Treatment.

To assess the effect of original reef site on the number of

days until visible stress in the heat-stress assay, genotypes

A and B from each donor reef (North, Mid, and South)

were pooled and assessed using the following two-way

ANOVA: Reef ? Treatment ? Reef*Treatment. For both

ANOVAs, post hoc Tukey’s HSD tests were used to

determine pairwise significant differences (a = 0.05).

Normality and heteroscedasticity of the residuals were

analyzed using Shapiro–Wilk and Levene’s tests, respec-

tively. A Pearson’s Chi-squared test was used to assess the

effect of treatment on likelihood of coral bleaching or RTL

during the heat-stress assay. A Kruskal–Wallis test was

used to assess the difference in mean maximum, dark-

adapted yield of photosystem II (Fv/Fm) between the lab-

oratory control and variable temperature treatment at a

single time point, which was after 89 d of exposure to

either the stable or variable temperature regimes. The R

markdown file containing the code for this analysis can be

found at https://github.com/ademerlis/acerstresshardening

2022.

Results

Precision of tank temperature regimes

For the 89-d temperature treatment, mean temperatures

were calculated at 15-min intervals and found to be

maintained within a standard deviation of 1.45 �C for the

variable treatment and within 0.96 �C for the laboratory

controls (Fig. 1b). Temperatures during the heat-stress

assays for the field controls (N = 10 aquaria) and labora-

tory controls/variable temperature treatment (N = 6

aquaria) were 31.96 ± 0.10 �C (mean ± SD [for this and

all following error terms]) and 31.98 ± 0.09 �C over the

20- and 15-d periods, respectively (Fig. 1c–d).

Coral coloration

Corals were deemed visually healthy after their acclimation

and treatment periods based on their color scores assigned

using the coral reference card. Mean visual color scores of

the corals entering their respective heat-stress assays for

the field controls, laboratory controls, and the variable

group were 4.8 ± 0.5, 4.1 ± 0.3, and 3.9 ± 0.5, respec-

tively (Supplemental Table 2). Additionally, mean R-in-

tensity values, used as a proxy for chlorophyll

a concentration, for the laboratory controls and variable

temperature-treated corals were at similar levels entering

the heat-stress assay (Fig. 3c).

Number of days until bleaching or RTL

Corals initially treated with the 89-d variable temperature

regime maintained a color score greater than D1 or main-

tained tissue integrity significantly longer in the 32 �C
heat-stress assay (mean number of days = 12.4 ± 2.3) in

comparison to both the laboratory (6.4 ± 2.0 d) and field

control groups (9.7 ± 2.8d; Fig. 2a, Tables 1 and 2). There

was a significant effect of original reef site as well

(Table 3), with North reef enduring thermal

440 Coral Reefs (2022) 41:435–445
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stress longer than Mid and South

reefs (Fig. 2b; Table 4). While the field control group

specifically had a significant difference between North

Reef versus Mid and South Reefs, this was not seen

in the variable temperature treatment (Fig. 2b; Supple-

mental Table 3).When comparing genotypes individually,

no significant differences were observed within the vari-

able temperature treatment, however, there were significant

differences among genotypes within the laboratory control

group and the field control group (Fig. S2; Supplemental

Table 3).

Prior exposure to a variable temperature treatment

also influenced the manifestation of prolonged high-tem-

perature stress; namely, there was a significant difference

in the proportion of fragments that bleached versus those

that experienced RTL and necrosis (Table 5). Additionally,

there was a significant effect of original reef on likelihood

of succumbing to bleaching versus RTL during the heat-

stress assay, with the North reef corals most likely to perish

via tissue loss (Table 6).

Photosynthetic efficiency

During the 89-d treatment, the photosynthetic efficiency of

the laboratory control corals displayed a steep decline

while the variable group maintained efficiency closer to

their initial values (Fig. 3b). At the start of the heat-stress

assay, when temperatures reached 32 8C, the average Fv/

Fm of the variable group was significantly higher

(0.528 ± 0.25) than the laboratory control fragments

(0.361 ± 0.036; H(1) = 59.937, p\ 0.001).

Discussion

The significant increase in number of days before bleach-

ing or RTL in the 32 �C heat-stress assay following

exposure to a variable temperature treatment indicates that

this treatment enhanced coral thermotolerance. Addition-

ally, the higher frequency of bleaching of the variable

temperature-treated corals compared to field and laboratory

controls (which were more likely to manifest RTL)

Table 1 Results of crossed

two-way ANOVA applied to the

number of days corals persisted

in the heat-stress assay when

accounting for genotype and

treatment

Df SS MSS F Pr([F) Significance

Genotype 5 209.9 42.0 9.583 \ 0.001 ***

Treatment 2 736.3 368.1 84.049 \ 0.001 ***

Genotype:Treatment 10 45.1 4.5 1.029 0.424 NS

Residuals 110 481.8 4.4

Model included six genotypes (North A & B, Mid A & B, South A & B) and three treatment groups (field

control, laboratory control, variable). *** denotes significance level of p\ 0.001
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Fig. 3 a Mean photochemical efficiency for field controls during the

heat-stress assay, measured as Fv/Fm. Error bars are standard

deviation. b Mean photochemical efficiency for laboratory con-

trols and variable temperature-treated corals during the heat-stress

assay, measured as Fv/Fm. Error bars are standard deviation. Color

indicates treatment group; blue = laboratory control, and red = vari-

able temperature treatment. Asterisk above one time point indicates a

significant difference in mean Fv/Fm between laboratory control and

variable temperature treatment groups (Kruskal–Wallis test,

H(1) = 59.937, p\ 0.001). c Mean R-intensity values for laboratory

controls and variable temperature-treated corals during the heat-stress

assay. Y-axis is inverted for ease of cross-panel comparison (as

a higher R-intensity value correlates with lower chlorophyll

a concentration)
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suggests that the enhanced thermotolerance was also cou-

pled with an enhanced stress response, where epithelial

integrity was maintained in thermally stressful condi-

tions for the treated group. The higher incidence of

bleaching rather than tissue loss following the variable

temperature regime suggests that the coral host innate

immune system may also be implicated in the heat-stress

response. RTL, in which degraded tissues peel away from

the skeleton, may be caused by host cell autolysis,

allelopathic toxins, or pathogenic infection (Bornemann

2001; Luna et al. 2007; Calfo 2009; Bartlett 2013) and has

only ever been described in diseased corals (Luna et al.

2007). It is possible, then, that the RTL witnessed is a

result of a high temperature-driven immune-compromised

state in which endogenous or exogenous microbes capi-

talized on necrotic tissues, and that periodic pre-exposure

to higher temperatures prevented the variable corals from

reaching this point. This differential response is further

Table 2 Results of post hoc Tukey’s HSD test of multiple comparison of means for effect of treatment on the number of days corals persisted in

the heat-stress assay with 95% family-wise confidence interval (CI)

DIFF Lower CI Upper CI Adjusted P-value Significance

Laboratory control-field

control

- 3.251 - 4.306 - 2.196 \ 0.001 ***

Variable-field control 2.715 1.633 3.797 \ 0.001 ***

Variable-laboratory

control

5.966 4.866 7.065 \ 0.001 ***

*** denotes significance level of p\ 0.001

Table 3 Results of crossed

two-way ANOVA applied to the

number of days corals persisted

in the heat-stress assay when

accounting for original reef site

and treatment

Df SS MSS F Pr([F) Significance

Reef 2 125.4 62.7 12.735 \ 0.001 ***

Treatment 2 731.5 365.7 74.269 \ 0.001 ***

Reef:Treatment 4 30.2 7.5 1.532 0.197 NS

Residuals 119 586.0 4.9

Model included three original reef sites (North, Mid, and South reefs) and three treatments (field control,

laboratory control, variable). *** denotes significance level of p\ 0.001.

Table 4 Results of post hoc Tukey’s HSD test of multiple comparison of means for effect of original reef site on the number of days corals

persisted in the heat-stress assay with 95% family-wise confidence interval (CI)

DIFF Lower CI Upper CI Adjusted P-value Significance

North-Mid 2.422 1.278 3.567 \ 0.001 ***

South-Mid 1.079 - 0.078 2.236 0.0730 NS

South-North - 1.343 - 2.466 - 0.220 0.015 *

*** denotes significance level of p\ 0.001. * denotes significance level of p\ 0.05

Table 5 Chi-squared contingency table showing the number of coral

fragments removed from the heat-stress assay either due to bleaching

(color score of D1) or visual signs of rapid tissue loss as a function of

treatment

Bleached Tissue loss Total

Field control 13 33 46

Laboratory control 8 35 43

Variable 27 12 39

Total 48 80 128

N = 128, X2 = 24.98, p\ 0.001, df = 2

Table 6 Chi-squared contingency table showing the number of coral

fragments removed from the heat-stress assay either due to bleaching

(color score of D1) or visual signs of rapid tissue loss as a function of

original reef site (all three treatments included)

Bleached Tissue loss Total

North reef 9 36 45

Mid reef 22 18 40

South reef 17 26 43

Total 48 80 128

N = 128, X2 = 11.183, p = 0.00373, df = 2
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supported by in situ research during the 2014 mass

bleaching event in South Florida that demonstrated a sig-

nificant negative correlation between bleaching and tissue

loss disease in nursery-propagated A. cervicornis colonies

(Merselis et al. 2018). Future molecular analyses are nec-

essary to determine whether the differential thermal stress

response observed can be attributed to a high temperature-

induced weakening of the coral immune system.

Additionally, the significantly reduced photosynthetic

efficiency of the laboratory control group at the start of the

heat-stress assay indicates that the health of the dinoflag-

ellate endosymbionts, and thus homeostasis of the coral-

algal symbiosis, was already at risk. It is possible that the

28 �C static temperature regime in which the laboratory

controls were kept was unsatisfactory for the A. cervicornis

holobiont during that time of year (April–June), while the

oscillating temperatures from 28 to 31 �C were closer to

the temperatures that these fragments would experience in

the in situ nursery. Furthermore, while all coral colonies

used in this experiment had been propagated and main-

tained in an in situ coral nursery for over a year, there was a

significant difference in number of days until bleaching or

RTL in the heat-stress assay based on their native reef.

Genotypes from the North reef had significantly higher

rates of RTL across all treatment groups compared to those

of the Mid and South reefs. The differing results of these

three distinct reefs in the heat-stress assay may be due to

local acclimatization driven by different environmental

conditions, as was observed in previous research (Drury

et al. 2017). It may also be driven by genet identity, as

supported by prior studies using nursery-propagated A.

cervicornis (Drury et al. 2017; Ladd et al. 2017; Drury and

Lirman 2021). Future research should incorporate a larger

subset of genotypes to test these hypotheses.

Importantly, North, Mid, and South reefs did not sig-

nificantly differ in number of days until RTL or bleaching

in the heat-stress assay following the variable temperature

treatment. This points to another potential benefit of the

variable temperature treatment to confer thermotolerance

of A. cervicornis regardless of genotype. In the field control

group, the North genotypes survived the longest in the

32 �C heat-stress assay, which may be explained by more

similar in situ temperatures shared between their native

reef to the in situ nursery. A tidal flow channel separates

North reef and the Key Biscayne nursery from the Mid and

South reefs, and the MMM temperatures are more similar

on either side of the channel (listed from north to

south: North Reef = 29.71 �C, in situ coral nursery = 29.92

8C, Mid Reef = 30.00 �C, South Reef = 30.01 �C; Kauf-
man et al. 2021). This indicates another potential driver of

baseline thermal response, reef origin site, that was no

longer shown following the variable temperature treatment.

There are several important next steps for determining

the applicability of this technique. First, applying this

variable temperature treatment to a subset of nursery-

propagated A. cervicornis genotypes and observing their

survivorship and physiological response during thermal

stress in situ is necessary. Second, understanding the

recovery of variable temperature-treated coral fragments

after heat stress, as well as upon exposure to subsequent

thermal stress events, will address the duration of this

observed thermotolerance. Third, analysis of factors con-

tributing to the two different physiologically compromised

states is important, and an experiment should be conducted

with replication sufficient to examine bleaching and RTL

responses independently. Finally, utilization of molecular

approaches to investigate changes in gene expression fol-

lowing the variable temperature stress-hardening, namely

in heat stress response and innate immunity pathways, will

provide insight into the contrasting physiological respon-

ses, RTL versus bleaching, of A. cervicornis to acute

warming. Nonetheless, the results of this experiment illu-

minate an avenue whereby we can apply conferred benefits

from a variable temperature regime as a restoration tech-

nique in Florida.
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