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Abstract
Global change, including rising temperatures and acidification, threatens corals globally. Although bleaching

events reveal fine-scale patterns of resilience, traits enabling persistence under global change remain elusive. We
conducted a 95-d controlled-laboratory experiment investigating how duration of exposure to warming (~28,
31�C), acidification (pCO2 ~ 343 [present day], ~663 [end of century], ~3109 [extreme] μatm), and their combi-
nation influences physiology of reef-building corals (Siderastrea siderea, Pseudodiploria strigosa) from two reef
zones on the Belize Mesoamerican Barrier Reef System. Every 30 d, net calcification rate, host protein and carbo-
hydrate, chlorophyll a, and symbiont density were quantified for the same coral individual to characterize accli-
mation potential under global change. Coral physiologies of the two species were differentially affected by
stressors and exposure duration was found to modulate these responses. Siderastrea siderea exhibited resistance
to end of century pCO2 and temperature stress, but calcification was negatively affected by extreme pCO2. How-
ever, S. siderea calcification rates remained positive after 95 d of extreme pCO2 conditions, suggesting acclima-
tion. In contrast, P. strigosa was more negatively influenced by elevated temperatures, which reduced most
physiological parameters. An exception was nearshore P. strigosa, which maintained calcification rates under ele-
vated temperature, suggesting local adaptation to the warmer environment of their natal reef zone. This work
highlights how tracking coral physiology across various exposure durations can capture acclimatory responses
to global change stressors.

Since the Industrial Revolution, anthropogenic activities
have increased the partial pressure of atmospheric carbon
dioxide (pCO2), causing atmospheric warming of ~0.6�C (Pört-
ner et al. 2019). As atmospheric temperatures increase, so do
sea surface temperatures (SSTs) (Pörtner et al. 2019). Increasing
pCO2 has also caused surface ocean pH to decrease by 0.017–
0.027 units per decade since the 1980s (e.g., Pörtner
et al. 2019). Warming and acidification have impacted organ-
isms across the globe, as thermal niches shift and habitats rap-
idly change (Morley et al. 2018; Pörtner et al. 2019). The
negative effects of global climate change are predicted to
strengthen and, under the Intergovernmental Panel on Cli-
mate Change’s (IPCC) most extreme emissions scenario
(RCP8.5), oceans are expected uptake 5–7 times more heat and

decrease by 0.3 pH units by 2100 (Van Vuuren et al. 2011;
Pörtner et al. 2019).

Coral reefs are valuable economic and ecological resources
(Costanza et al. 2014) that are vulnerable to ocean warming
and acidification. The high biodiversity of coral reefs depends
on the obligate symbiosis between corals and their symbiotic
algae (Symbiodiniaceae, previously genus Symbiodinium;
LaJeunesse et al. 2018). This symbiosis is sensitive to thermal
anomalies and, because tropical reef-building corals live
within 1�C of their upper thermal limit, small SST increases
can result in bleaching (breakdown of symbiosis) and ulti-
mately mortality if symbionts fail to repopulate the coral host.
These coral bleaching events are occurring with increasing fre-
quency and severity as SSTs continue to rise (Hughes
et al. 2017).

Ocean acidification alters seawater carbonate chemistry
(Doney et al. 2009) by reducing seawater pH, carbonate ion
concentration ([CO3

2�]), and the saturation state of seawater
with respect to aragonite (Ωarag)—which can make it challeng-
ing for corals to build their aragonite skeletons (Doney

*Correspondence: haich@bu.edu and daviessw@bu.eu

Additional Supporting Information may be found in the online version of
this article.

1

https://orcid.org/0000-0001-6999-5518
https://orcid.org/0000-0003-0340-1371
https://orcid.org/0000-0002-2508-5261
https://orcid.org/0000-0001-8427-206X
https://orcid.org/0000-0002-1620-2278
mailto:haich@bu.edu
mailto:daviessw@bu.eu


et al. 2009). Laboratory experiments have shown that projec-
ted acidification conditions can have negative (Horvath
et al. 2016 [888–940 μatm]; reviewed in Hoegh-Guldberg et al.
2007), neutral (Reynaud et al. 2003 [760 μatm]) threshold
(Ries et al. 2010 [409–2856 μatm]), and parabolic (Castillo
et al. 2014 [324–2553 μatm]) impacts on coral calcification,
while in situ manipulative field experiments have yielded
more negative outcomes (Albright et al. 2018; Kline
et al. 2019). The direction and magnitude of coral calcification
responses to acidification are influenced by numerous factors,
including species-level differences (Okazaki et al. 2017; Bove
et al. 2019), differences in the ability to regulate calcifying
fluid chemistry (Ries 2011; Liu et al. 2020; Guillermic
et al. 2021), CO2-induced fertilization of photosynthesis
(Guillermic et al. 2021), gonochoric colony sex (Holcomb
et al. 2012), experimental duration (Kline et al. 2019), co-
occurring thermal stress (Kroeker et al. 2013), boundary layer
limitation of proton flux (Jokiel 2011), heterotrophy (Towle
et al. 2015), and biomass energy utilization (Wall et al. 2017).
Calcification in response to temperature stress is similarly
complicated by a number of factors. For example, calcification
rates of corals have been shown to respond parabolically to
temperature, with trends varying across species (Edmunds 2005).
Additional complexities have been linked to life history and sea-
sonality (Kornder et al. 2018). Energetic reserves are critical to
coral health and resistance to stressors and have been associated
with bleaching susceptibility (Anthony et al. 2009; Levas
et al. 2018) and whether a bleaching event will lead to mortality
(Grottoli et al. 2006; Anthony et al. 2009). Additionally, a coral’s
response to thermal stress—like their response to acidification—
can be mediated by heterotrophy (Grottoli et al. 2006;
Aichelman et al. 2016).

Fewer studies consider the interactions of temperature and
acidification stress, and these studies have similarly produced
variable results. Although some research finds stronger nega-
tive effects of elevated temperature compared to acidification
on calcification (Schoepf et al. 2013; Anderson et al. 2019)
and survivorship (Anderson et al. 2019), others have shown
additive effects of the two stressors (Rodolfo-Metalpa
et al. 2011; Edmunds et al. 2012; Agostini et al. 2013; Horvath
et al. 2016). The response of the coral holobiont to environ-
mental stress varies by stressor, and also by species. Such species-
level differences have been observed in coral calcification under
crossed temperature and acidification stress (Okazaki et al. 2017;
Bove et al. 2019) and recovery of energetic reserves through time
after bleaching (Levas et al. 2018). Additionally, spatial scale can
play a role in response to environmental stress, with differential
stress tolerance observed across populations along a reef system
(Dixon et al. 2015), between reef zones (Castillo et al. 2012;
Kenkel et al. 2013a), and between tidal pools (Bay and
Palumbi 2014), illustrating that adaptation and/or acclimation
to fine scale environmental differences can play a role in deter-
mining stress response. Therefore, a more complete understand-
ing of the interactions of environmental stressors necessitates

investigations of multiple species from different populations in
response to multiple stressors across longer timescales with a
focus on holobiont physiology.

Considering how duration of stress exposure affects the
coral holobiont is critical (McLachlan et al. 2020), but this
pursuit is complicated by the difficulty of executing long-term
laboratory experiments. However, several studies have been
conducted for ~90 d or more, revealing patterns of stress and
resilience. For example, acidification (1050 μatm pCO2) caused
rapid, species-specific alterations of calcifying fluid chemistry
in four coral and two calcifying algae species that remained
for 1 yr (Comeau et al. 2019). Castillo et al. (2014) showed cal-
cification responses to elevated pCO2 varied with exposure
duration, with S. siderea calcification under moderate pCO2

(604 μatm) increasing between 0 and 60 d and decreasing
between 60 and 90 d. Additionally, Levas et al. (2018) tracked
corals for 11 months following experimental bleaching and
found interspecific differences in recovery. Porites divaricata
initially catabolized lipids and decreased calcification but
recovered within 11 months, while P. astreoides recovered
within 1.5 months after increasing feeding and symbiont
nitrogen uptake (Levas et al. 2018). In summary, tracking coral
physiology through time provides valuable insights into how
corals respond to short-, moderate-, and long-term stress.

Here, two ecologically important reef-building coral species
(Siderastrea siderea and Pseudodiploria strigosa) from two reef
zones with distinct thermal environments (forereef and near-
shore; Baumann et al. 2016) of the Belize Mesoamerican Bar-
rier Reef System (MBRS) were maintained under a fully crossed
pCO2 (~343 μatm [present day], ~663 μatm [end of century],
~3109 μatm [extreme]), and temperature (~28, 31�C) 95-d
experiment. Control and elevated temperature treatments cor-
respond to present-day mean annual temperature from the
collection sites on the MBRS (Castillo et al. 2012; Baumann
et al. 2016) and projected end of century annual mean tem-
perature for this region (IPCC 2013), respectively. End of cen-
tury pCO2 is based on the RCP6 emissions scenario, and
extreme pCO2 is a projection for the year 2500 under RCP8.5
(IPCC 2013) and is intended to test a coral’s response to
extreme acidification. To characterize the species’ responses to
projected global change, holobiont physiology of each colony
was monitored approximately every 30 d (exposure duration: 0–
30 d = T0 – T30 = short-term, 30–60 d = T30 – T60 = moderate-
term, 60–95 d = T60 – T95 = long-term), including metrics for
coral host (calcification rate, protein, carbohydrates) and algal
symbiont (symbiont cell density, chlorophyll a). This work eluci-
dates the impact of exposure duration on corals’ acclimatory
response to global change stressors.

Materials and methods
Coral collection and experimental design

The experiment presented here was run in parallel with
that published by Bove et al. (2019); therefore, experimental
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design and culturing conditions are similar to those presented
therein. However, our study used different coral colonies and
only two species (instead of four). Experimental timing is stag-
gered by 30 d between the two experiments; for comparison,
T0 here corresponds to “pre-acclimation period” in Bove
et al. (2019). This difference in timing is intentional because
we wanted to observe the effects of the initial exposure period,
while Bove et al. (2019) treated this as “pre-acclimation” and
excluded this experimental interval. Methods specific to this
experiment are presented below with additional details in the
Supporting Information.

Three colonies of Siderastrea siderea and three colonies of
Pseudodiploria strigosa were collected from a nearshore and for-
ereef site along the southern Belize MBRS (Fig. 1, Supporting
Information). All colonies were transported to Northeastern
University’s Marine Science Center in Nahant, Massachusetts
and fragmented into 24 pieces. One forereef P. strigosa colony
did not survive fragmentation, leaving three genotypes for
nearshore and forereef S. siderea, three genotypes for nearshore
P. strigosa, but only two genotypes for forereef P. strigosa. We
acknowledge that replication across reef zone is limited; how-
ever, sample size was restricted by permitting, space was lim-
ited within experimental tanks, as well as the large colony size
and number of fragments needed to consider genet-level coral
physiology through time. After fragmentation, corals recov-
ered for 23 d in natural flow-through seawater (5 μm-filtered
seawater obtained from Massachusetts Bay) maintained at

28.2 � 0.5�C and ~500 μatm pCO2. Following recovery, tem-
perature and pCO2 were incrementally adjusted over 20 d
until target treatments were achieved. The six experimental
treatments consisted of a full factorial design of two tempera-
tures (target: 28, 31�C) and three pCO2 levels (target: 400, 700,
2800 μatm). In order to capture genotype-specific responses
through time, four replicate coral fragments per genotype
were represented in each of the six treatments, and each treat-
ment was replicated in three 42 L acrylic tanks on a 10:14 h
light:dark cycle (full spectrum LED lights; Euphotica, 120 W,
20,000 K) with PAR of ~300 μmol photons m�2 s�1 (consistent
with Castillo et al. 2014). Coral fragments were fed a combina-
tion of ~6 g frozen adult Artemia sp. and 250 mL newly
hatched live Artemia sp. (500 mL�1) every other day and
maintained in treatment conditions for 95 d or until
preservation.

Experimental conditions were maintained similarly to Bove
et al. (2019). Temperature, salinity, and pH were measured in
all tanks every few days (n = 40 total) and water samples for
total alkalinity (TA) and dissolved inorganic carbon (DIC) were
collected a total of seven times throughout the experimental
period. TA and DIC were measured using a VINDTA 3C
(Marianda Corporation, Kiel, Germany) calibrated with certi-
fied Dickson Laboratory standards for seawater CO2 measure-
ments (Scripps Institution of Oceanography; San Diego,
California). Temperature, salinity, TA, and DIC were used to
calculate all carbonate system parameters using CO2SYS
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Fig. 1. (a) Map of forereef (SCMR = Sapodilla Cayes Marine Reserve) and nearshore (PHMR = Port Honduras Marine Reserve) coral collection sites on
the Belize Mesoamerican Barrier Reef System. (b) Example of Siderastrea siderea (photo credit: K.D. Castillo). (c) Example of Pseudodiploria strigosa (photo
credit: H.E. Aichelman).
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(Pierrot et al. 2006) with Roy et al. (1993) carbonic acid con-
stants K1 and K2, the Mucci (1983) value for the stoichiometric
aragonite solubility product, and an atmospheric pressure of
1.015 atm. All measured and calculated seawater parameters
are reported in Figs. S1, S2, and Tables S1, S2. Cumulative
average (�SE) pCO2 and temperature throughout the 95-d
experimental period (n = 20–21) were 298 � 27 μatm, 28.0
� 0.04�C (present day pCO2, 28�C); 388 � 25 μatm, 31.1
� 0.04�C (present day pCO2, 31�C); 663 � 13 μatm, 28.0
� 0.06�C (end of century pCO2, 28�C); 662 � 28 μatm, 31.0
� 0.03�C (end of century pCO2, 31�C); 2973 � 125 μatm, 28.1
� 0.02�C (extreme pCO2, 28�C); 3245 � 154 μatm, 30.7
� 0.06�C (extreme pCO2, 31�C).

Coral host and symbiont physiology
Coral host and symbiont physiological measurements were

taken at each of the four time points (T0, T30, T60, T95). Net
calcification rates were estimated in triplicate for each frag-
ment using the buoyant weight technique (Davies 1989) and
normalized to surface area. A subset of fragments from both
species was used to confirm the relationship between buoyant
weight and dry weight (as in Bove et al. 2019, details in
Supporting Information). Growing surface area was quantified
in triplicate from photos taken at each timepoint using
ImageJ software (Rueden et al. 2017). The same surface area
values of each coral fragment were used to normalize all
host and symbiont physiological parameters within a time
point. Additionally, at each time point, a fragment of each
colony was removed from each treatment, flash frozen in
liquid nitrogen, and stored at �80�C until processing, when
fragments were airbrushed to remove host tissue and symbi-
ont cells. Tissue slurries were homogenized and centrifuged
to separate coral tissue and symbiont fractions for physio-
logical assays. Fragments were frozen approximately every
30 d, but the actual number of days from T0 to sampling
were 36 (T0 to T30), 63 (T0 to T60), and 92 (T0 to T95).
Because corals were frozen on the same day for each time
point, there was no need to correct for the number of days
in experimental treatment for physiological metrics other
than calcification rate.

Total coral host protein content was quantified from host
tissue slurry using a bicinchoninic acid protein assay following
manufacturer’s instructions. Total host carbohydrates
were quantified using the phenol-sulfuric acid method (as in
Masuko et al. 2005), which measures all monosaccharides,
including glucose—the major photosynthate translocated
from symbiont to coral (Burriesci et al. 2012). Symbiont cell
density was quantified using the hemocytometer method
(as in Rodrigues and Grottoli 2007). Symbiont photosynthetic
pigments (chlorophyll a, abbreviated Chl a) were quantified
spectrophotometrically following Marchetti et al. (2012). See
Supporting Information for additional details.

Statistical analyses
Statistical differences between experimental treatments were

tested using an ANOVA (aov) with fixed effects of temperature
and pCO2, and post-hoc pairwise comparisons were assessed
using Tukey’s HSD tests (Table S7). Temperature and pCO2 data
were log-transformed if necessary to meet assumptions of nor-
mality, which was assessed via a Shapiro–Wilk Test (shapiro.
test). The results of statistical differences between treatments are
reported in Table S7 as well as Figs. S1 and S2. Coral physiologi-
cal data were assessed using a series of linear mixed effects
models (lmer) for each species and individual physiological
parameter (including fixed effects of time, temperature, pCO2,
and reef zone) using a forward model selection method
(Supporting Information). A random effect of genotype was
included in all models to account for physiological variation
across genotypes. Physiological data were transformed to meet
assumptions of normality for ANOVAs when necessary, includ-
ing several parameters for P. strigosa (symbiont density [cube
root], Chl a [square root], carbohydrate [square root]) and
S. siderea: symbiont density [log], Chl a [cube root], carbohy-
drates [square root]). Siderastrea siderea calcification rates did
not meet assumptions of normality despite transformations;
therefore, a generalized additive model for location scale and
shape with a Weibull distribution (gamlss package; Rigby and
Stasinopoulos 2005) was fit using the same forward model
selection method (Supporting Information). Model results are
reported with summary statistics in Table S3. Significant post-
hoc pairwise comparisons from linear mixed effects models
were assessed using Tukey’s HSD tests implemented in the
lsmeans function (reported in Table S4).

Principal components analyses (PCA) were constructed
using the FactoMineR package (Lê et al. 2008) to assess how
overall physiologies were modulated through time for each
species. Significance of each factor in the PCA was assessed
using PERMANOVA, via the adonis function in the vegan pack-
age (Oksanen 2011). Statistics for all adonis tests are reported
in Table S5.

Correlation matrices of all host and symbiont physiological
parameters for both species through time were built using the
corrplot function with a significance threshold of p = 0.05.
Impacts of temperature and pCO2 on host and symbiont phys-
iology of only P. strigosa were assessed via linear regression
modeling, as no noteworthy correlations were found for
S. siderea. To estimate significance of predictors and their inter-
actions, increasingly parsimonious, nested linear models
(using lmer) were compared with likelihood ratio tests. Condi-
tional R-squared values, accounting for both fixed and random
effects, of regressions were determined using the r.
squaredGLMM function in the MuMIn package. Summary sta-
tistics for all linear regressions are reported in Table S6. All raw
data and code associated with analyses presented here are
stored in a Github repository at the following link: https://
github.com/hannahaichelman/TimeCourse_Physiology and
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are additionally hosted on Zenodo (doi: 10.5281/zeno
do.4914428). All statistical analyses used R version 4.0.1
(R Core Team 2017).

Results
Holobiont physiology through time

Siderastrea siderea holobiont physiology (calcification rate,
host protein and carbohydrate, Chl a, symbiont density) clus-
tered more strongly by pCO2 than by temperature (Fig. 2a–c).
There was an apparent, but not statistically significant, effect of
pCO2 on holobiont physiology after short-term exposure (T30,

p = 0.054; Fig. 2a), and this effect became significant through
time (T95, p = 0.002; Fig. 2c). At T95, the interaction of pCO2

and temperature was also significant (p = 0.001; Fig. 2c). Calci-
fication, symbiont density, and Chl a PCA loadings discrimi-
nate between clusters of fragments in extreme pCO2 and other
acidification treatments (Fig. 2a-c). Comparing PCAs in Fig. 2a–c

with individual physiological results (Figs. 4a,c and 5a,c) dem-
onstrates that pCO2 significantly reduced S. siderea calcification,
symbiont density, and Chl a, but did not have a significant
effect on host carbohydrates or protein. Reef zone did not have
a significant effect on S. siderea holobiont physiology for any
exposure duration (Fig. 2a–c).

Holobiont physiology of P. strigosa clustered more strongly
by temperature than by pCO2, especially after long-term expo-
sure (T95; Fig. 2d–f). At T60, there was a significant effect of
pCO2 on holobiont physiology (p = 0.029; Fig. 2e). However,
at T95 pCO2 was no longer significant, and only temperature
had a significant effect (p = 0.045; Fig. 2f). Additionally, the
interaction of reef zone and temperature had a marginally sig-
nificant effect on holobiont physiology after long-term expo-
sure (T95; p = 0.053; Fig. 2f). Comparing PCAs in Fig. 2d–f
with results from individual physiological parameters
(Figs. 4b,d and 5b,d) shows that elevated temperature resulted
in consistent negative effects on all physiological parameters.
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Fig. 2. Influence of temperature, pCO2, and exposure duration on holobiont physiology. Principal components analyses (PCA) of log-transformed
holobiont physiological data, including total carbohydrate (carbs; mg cm�2), total protein (protein; mg cm�2), symbiont density (syms; cells cm�2), chlo-
rophyll a (Chl a; μg cm�2), and calcification (mg cm�2 d�1) for Siderastrea siderea (a–c) and Pseudodiploria strigosa (d–f). Colors represent pCO2 for
S. siderea (a–c: green = present day, orange = end of century, purple = extreme) and temperature for P. strigosa (d–f: red = 31�C, blue = 28�C). Shapes
represent temperature for S. siderea (a–c: square = 31�C, triangle = 28�C) and pCO2 for P. strigosa (d–f: triangle = present day, square = end of century,
circle = extreme). Points represent an individual coral fragment’s physiology at each time point (a, d = short-term [T30], b, e = moderate-term [T60], c,
f = long-term [T95]). Only individuals with data for all five parameters at each time point were included. The x- and y-axes indicate variance explained
(%) by the first and second principle component, respectively.
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Effects of temperature and pCO2 stress on calcification
Siderastrea siderea net calcification rates were clearly

influenced by pCO2 and were significantly reduced under
extreme pCO2 relative to present day pCO2 (p = 0.002;
Fig. 3a). However, end of century pCO2 did not significantly
reduce S. siderea net calcification relative to present day
pCO2 (p = 0.4). Additionally, S. siderea net calcification was
significantly reduced at T90 relative to T30 (p = 0.02). Nei-
ther temperature treatment nor reef zone significantly
altered net calcification rates. For this and all remaining
individual physiological parameters, full model outputs
(estimate, standard error, T-value, etc.) are reported in
Table S3, and post-hoc pairwise comparisons are reported in
Table S4.

Pseudodiploria strigosa net calcification rates were signifi-
cantly negatively affected by pCO2 (p < 0.001; Fig. 3b), and
when compared to present day pCO2 calcification rates were
reduced under end of century (p = 0.02) and extreme pCO2

(p < 0.001). Calcification rates were also reduced at elevated
temperature (31�C) relative to control conditions
(p < 0.001), and nearshore corals exhibited higher net calci-
fication rates than forereef corals (p = 0.04). A significant
interaction of temperature and experimental duration was
detected for P. strigosa calcification rates (p < 0.001), with

calcification decreasing between T30 and T60 under control
and elevated temperatures (p < 0.05); however, these reduc-
tions were not detectable after moderate- and long-term
exposure (T60 and T95). When considering the full duration
of the experiment (T0 to T95), P. strigosa net calcification
rates were lower under elevated, but not control tempera-
tures (Fig. 3b). Additionally, a significant interaction
between reef zone and temperature on P. strigosa calcifica-
tion rate was detected (p = 0.03), with elevated temperatures
more negatively influencing calcification of forereef corals
than nearshore corals (p = 0.02). Lastly, there was a signifi-
cant interaction between temperature and pCO2 on
P. strigosa calcification rates (p < 0.001). Specifically, there
were no significant differences in P. strigosa calcification
rates among pCO2 treatments under elevated temperatures,
but calcification rates in control temperatures were signifi-
cantly reduced under extreme pCO2 compared to present
day pCO2 (p < 0.001).

Effects of temperature and pCO2 stress on host energy
reserves

Elevated temperatures significantly reduced S. siderea pro-
tein concentrations relative to corals in control temperatures
(p = 0.009; Fig. 4a). Regardless of pCO2 and temperature
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Fig. 3. Siderastrea siderea (a) and Pseudodiploria strigosa (b) net calcification rate (mg cm�2 d�1) at each experimental time point (short-term = T30;
moderate-term = T60; long-term = T95). Facets represent the six treatments and are labeled with average pCO2 and temperature for the experiment
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time point. Error bars represent standard error. For (a), each data point represents three colonies. For (b), each forereef point represents 2 colonies and
each nearshore point represents 3 colonies, except extreme pCO2/28�C treatment at T60 and T95, where one forereef colony is represented due to mortal-
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treatments, S. siderea proteins increased through time, and at
T95 corals had higher mean protein than T0 (p = 0.03). Nei-
ther pCO2 nor reef zone significantly altered S. siderea protein
concentrations. Similar to proteins, elevated temperatures sig-
nificantly reduced S. siderea carbohydrate concentrations rela-
tive to control temperatures (Fig. 4c; p = 0.004). Neither

pCO2, reef zone, nor experiment duration significantly altered
S. siderea carbohydrate concentrations.

Temperature significantly influenced P. strigosa protein
(p < 0.001; Fig. 4b), with reduced protein concentrations
under elevated temperatures compared to controls (p < 0.001).
Neither pCO2, reef zone, nor experiment duration
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Fig. 4. Host energy reserves (total protein [a,b] and total carbohydrate [c, d]) of Siderastrea siderea (a, c) and Pseudodiploria strigosa (b, d) across four
experimental durations (day 0 = T0; day 30 [short-term] = T30; day 60 [moderate-term] = T60; day 95 [long-term] = T95). Within panels, results are fac-
eted by temperature and colored by pCO2 (present day = green, end of century = orange, extreme = purple). Each point is an average of nearshore and
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Lines represent linear fits (using ggplot2 stat_smooth() method to visualize differences regardless of model) for each treatment through time, and error
bars represent standard error.

Aichelman et al. Exposure duration and coral physiology

7



significantly altered P. strigosa protein concentrations. Simi-
larly, P. strigosa total carbohydrate was reduced under elevated
temperatures compared to control conditions (p < 0.001;
Fig. 4d). Regardless of treatment, carbohydrates decreased

between T0 and T60 (p < 0.01). Under control temperatures,
P. strigosa carbohydrates increased between T60 and T95

(p = 0.004); however, under elevated temperatures, carbohy-
drates did not increase significantly between T60 and T95
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(Fig. 4d). Neither pCO2 nor reef zone significantly altered
P. strigosa carbohydrate concentrations.

Effects of temperature and pCO2 stress on symbiont
physiology

Siderastrea siderea symbiont densities decreased from T0 to
T95 (p = 0.0001), were reduced under elevated temperatures
compared to control (p = 0.001), and were reduced under

extreme pCO2 relative to end of century (p = 0.04; Fig. 5a).
Reef zone did not significantly alter S. siderea symbiont densi-
ties. In contrast to symbiont density, S. siderea Chl
a increased from T0 to T95 (p < 0.001; Fig. 5c). Although
corals under present day and end of century pCO2 treatments
exhibited similar Chl a concentrations, corals under extreme
pCO2 had significantly less Chl a compared to those under
both present day (p = 0.001) and end of century (p = 0.03)
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pCO2. Neither reef zone nor temperature significantly altered
S. siderea Chl a.

Regardless of pCO2 treatment, P. strigosa had reduced sym-
biont densities under elevated temperatures compared to con-
trol temperatures (p < 0.001; Fig. 5b). Additionally, P. strigosa
symbiont density was reduced at T95 relative to T0 (p < 0.001).
Neither pCO2 nor reef zone significantly altered P. strigosa
symbiont densities. Similarly, P. strigosa exhibited reduced Chl
a under elevated temperatures compared to controls, regard-
less of pCO2 treatment (p < 0.001; Fig. 5d). Additionally,
P. strigosa Chl a was reduced under extreme pCO2 compared
to present day pCO2 treatment regardless of temperature
(p = 0.02). Neither reef zone nor experiment duration signifi-
cantly altered P. strigosa Chl a.

Pseudodiploria strigosa physiological trait correlations
Pseudodiploria strigosa calcification rates were significantly

correlated with all other physiological parameters (p < 0.05)
after long-term exposure (T95; Fig. S4), and temperature had a
main effect on relationships between calcification and all
other predictor variables (Fig. 6). Under elevated temperatures
at T95, P. strigosa fragments with higher protein (p = 0.04) and
symbiont densities (p = 0.001) maintained faster calcification
rates (Fig. 6b,c). A similar trend was observed for carbohy-
drates (p = 0.06; Fig. 6a). The interactive effect of temperature
and the predictor variables on P. strigosa calcification rate was
not significant until the end of the experiment (T95; Fig. S5).
Correlations for Pseudodiploria strigosa (Fig. 6) are presented in
terms of temperature because it had a significant main effect
on P. strigosa holobiont physiology at T95 (Fig. 2f). Siderastrea
siderea correlation matrix (Fig. S4) and linear regression ana-
lyses did not reveal any significant interactions with
treatment.

Discussion
Divergent responses of coral species to warming
and acidification

Siderastrea siderea and P. strigosa exhibited divergent
responses to two co-occurring global change stressors—ocean
warming and acidification—and these responses were modu-
lated by exposure duration. Overall S. siderea physiological
performance was more negatively affected by acidification
through time, while temperature had a more negative effect
on P. strigosa over time. Such species-specific responses to tem-
perature and acidification are not uncommon in reef-building
corals. For example, when testing how 12 Caribbean coral spe-
cies responded to crossed temperature and acidification condi-
tions, Okazaki et al. (2017) observed that some species
exhibited no growth response to either stressor (including
S. siderea and P. strigosa), while other, more abundant species
(e.g., Orbicella faveolata and P. astreoides), decreased calcifica-
tion under both stressors. The difference between our findings
and Okazaki et al. (2017) may be due to experiment duration

(>30 d longer than Okazaki et al. 2017) or be the result of the
more extreme treatments used here (31�C and ~3109 μatm
compared to 30.3�C and 1300 μatm pCO2). It is also possible
that S. siderea and P. strigosa populations in Florida (Okazaki
et al. 2017) could be less susceptible to stress than populations
from the Belize MBRS studied here. For example, according to
the climate variability hypothesis (Stevens 1989), higher lati-
tude populations (e.g., Florida) that experience more variable
thermal regimes (i.e., stronger seasonality) are predicted to be
more phenotypically flexible and exhibit a wider range of
thermal tolerances compared to populations closer to the
equator (e.g., MBRS). A meta-analysis of Caribbean coral calci-
fication responses to acidification, elevated temperature, and
their combination found similar regional differences in stress
responses between corals from Florida and Belize (Bove
et al. 2020). While calcification of Florida corals did not clearly
respond to acidification, elevated temperature, or their combi-
nation, elevated temperature reduced calcification rates in
Belize corals (Bove et al. 2020). While acknowledging differ-
ences in annual temperature variability, Bove et al. (2020)
highlight differences in experimental treatment extremes as
the main driver of calcification. Although consideration of
treatment level is critical, such population-level differences in
stress tolerance have been previously observed in corals
(Dixon et al. 2015). Interestingly, such population-level
differences—specifically with respect to thermal tolerance and
coral bleaching—do not appear to be related to history of
pCO2 exposure (Noonan and Fabricius 2016; Wall et al. 2018).
Regardless, our results contribute to a growing body of litera-
ture supporting the resistance of S. siderea to elevated tempera-
ture and acidification (Castillo et al. 2014; Banks and
Foster 2016; Davies et al. 2016; Bove et al. 2019).

Resistance of S. siderea to global change stressors was previ-
ously reported by Castillo et al. (2014), which found that only
the most extreme temperature (32�C) and acidification (2553
μatm pCO2) treatments reduced calcification rates. Castillo
et al. (2014) concluded that S. siderea will be more negatively
impacted by elevated temperatures over the coming century,
given the IPCC’s next-century acidification projections did
not reduce calcification. Our findings are consistent with this
work, as only extreme—but not end of century pCO2—

reduced S. siderea calcification. Gene expression profiling of
S. siderea from the Castillo et al. (2014) coral fragments rev-
ealed that thermal stress caused large-scale downregulation of
gene expression, while acidification elicited upregulation
of proton transport genes (Davies et al. 2016). This potentially
offsets effects of acidification at the site of calcification
(e.g., Ries 2011), although this is potentially complicated by
the electrochemical challenges of exporting H+ from the calci-
fying fluid under acidified conditions (proton flux hypothesis;
Jokiel 2011). These findings provide further support for
S. siderea’s ability to acclimate to acidification.

Bove et al. (2019) investigated the combined effects of simi-
lar temperature and acidification treatments on four coral
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species: S. siderea, P. strigosa, P. astreoides, and Undaria
tenuifolia. After 93 d, calcification declined in all species under
increased pCO2. However, only P. strigosa reduced calcification
under elevated temperature, which is consistent with results
presented here and highlights that thermal stress more nega-
tively impacts P. strigosa than S. siderea (Fig. 2d–f). Addition-
ally, Bove et al. (2019) found that S. siderea was the most
resistant of the four species, and maintained positive calcifica-
tion rates even in the most extreme acidification treatment
(~3300 μatm pCO2)—findings that are also corroborated here
(Fig. 3a). By quantifying net calcification rates at 30-d incre-
ments, we show that S. siderea net calcification was negative
under extreme pCO2 at T60, but that rates recovered by T95

(Fig. 3a). This result is potentially due to acclimation to stress-
ful conditions over time, perhaps through transcriptome plas-
ticity, as previously proposed in S. siderea (Davies et al. 2016)
and in P. astreoides (Kenkel and Matz 2016); however, without
following these colonies for even longer time periods, it is
impossible to know without follow-up experimental work.

Stress differentially modulates physiology across
coral species

Under thermal and acidification stress, corals can draw on
energy reserves, including lipids, proteins, and carbohydrates,
to maintain and/or produce tissue and skeleton (Anthony
et al. 2009; Schoepf et al. 2013). In addition to using energetic
reserves, heterotrophy (Towle et al. 2015; Aichelman
et al. 2016) or enhanced productivity of Symbiodiniaceae
owing to CO2 fertilization of photosynthesis (Brading
et al. 2011) can augment energetic resources in zooxanthellate
corals. Coral energetic reserves can therefore influence resis-
tance to and recovery from thermal stress (Grottoli et al. 2006;
Grottoli et al. 2014) as well as resistance to acidification (Wall
et al. 2017).

In this study, host energy reserves of S. siderea and
P. strigosa responded to temperature and acidification stress in
different ways. Between T0 and T60, P. strigosa exhibited
reduced carbohydrates regardless of treatment, indicating
catabolism of this energy reserve (Fig. 4d). This was followed
by restoration of carbohydrates (acclimation) at control tem-
peratures at T95 (Fig. 4d), which likely supported the positive
calcification rates also observed under these conditions
(Fig. 6a, S5). Protein reserves did not emulate trends in carbo-
hydrates (Fig. 4b), potentially owing to P. strigosa catabolizing
carbohydrates before proteins, which has been observed over
shorter time scales in other scleractinian corals (Grottoli
et al. 2004). This sequence of energy reserve catabolism is con-
sistent with relative enthalpies of combustion: carbohydrates
are considered a short-term energy source and have the lowest
enthalpy of combustion, lipids are a longer-term energy source
and have the highest enthalpy of combustion, and proteins
are intermediate (Gnaiger and Bitterlich 1984; Grottoli
et al. 2004). Elevated protein reserves did predict faster calcifi-
cation rates in P. strigosa under elevated temperatures, but

only after long-term exposure (Fig. 6b, S5). As photosynthate
translocated from symbionts is a major source of carbohy-
drates to coral hosts (Burriesci et al. 2012), reductions in
P. strigosa symbiont densities, Chl a, and carbohydrates at ele-
vated temperature suggests that symbionts were translocating
fewer resources to the host, which likely contributed to reduc-
tions in calcification under elevated temperatures, particularly
after long-term exposure (T95; Fig. 6, S5). Total protein and
carbohydrate of S. siderea, similar to P. strigosa, declined under
elevated temperatures (Fig. 4a,c)—consistent with previous
work highlighting upregulation of protein catabolism path-
ways in S. siderea exposed to long-term thermal stress (Davies
et al. 2016). Grottoli et al. (2004) previously linked species-
level differences in energy catabolism to differences in photo-
synthesis/respiration ratios, and while we did not explore
these traits here, this would be a worthy pursuit for future
studies to better contextualize energy reserve catabolism of
S. siderea and P. strigosa under stress. Additionally, a limitation
to the present study is that lipid content was not measured
through time, thereby precluding evaluation of a potential
contributor to energy reserve catabolism under stress, as Wall
et al. (2017) observed for Pocillopora acuta.

An overall trend in reduced symbiont density and increased
Chl a through time was observed under most pCO2 and tem-
perature conditions, except for P. strigosa under elevated
temperature (Fig. 5). Given that both species under most treat-
ments exhibited this pattern, it cannot be ruled out that these
changes in symbiont physiology were influenced by other fac-
tors, including incomplete symbiont acclimation to experi-
mental light environment (Roth 2014) and seasonal patterns
in symbiont density and pigment concentration (Fitt
et al. 2000)—which may have masked the symbiont response
to thermal stress within S. siderea. In contrast, P. strigosa
exhibited reduced symbiont density and Chl a under elevated
temperature (Fig. 5b,d), a pattern more consistent with ther-
mally induced bleaching (Weis 2008) and further illustrating
the susceptibility of this species to thermal stress.

Nearshore P. strigosa are more resistant than forereef
conspecifics

Reef zone was a significant predictor of host physiology,
particularly for P. strigosa, as nearshore corals exhibited greater
net calcification (Fig. 3b). Although reef zone differences in
calcification were observed for S. siderea (particularly through
time), corals from one reef zone did not clearly outperform
the other. In contrast, reef zone-specific calcification of
P. strigosa may arise from local adaptation of the host to dis-
tinct temperature regimes. The Belize MBRS nearshore habitats
have higher maximum temperatures, greater annual tempera-
ture range, and more days above the regional thermal
bleaching threshold compared to forereef sites (Baumann
et al. 2016). Local adaptation to distinct reef zones is not
uncommon in corals and has been previously shown to affect
coral responses to thermal stress. For example, P. astreoides
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was locally adapted to distinct thermal regimes in Florida,
with inshore corals exhibiting higher thermal tolerance, con-
stitutively higher expression of specific metabolic genes, and
greater gene expression plasticity compared to offshore con-
specifics (Kenkel et al. 2013a; Kenkel et al. 2013b; Kenkel and
Matz 2016). A similar pattern of local adaptation was previ-
ously suggested for three Hawaiian coral species native to the
warmer and more acidic K�ane’ohe Bay, as corals were more
tolerant to experimental temperature and pCO2 stress relative
to conspecifics from a cooler and less acidic site (Jury and
Toonen 2019).

Pseudodiploria strigosa is a hermaphroditic broadcast
spawning species, and previous work on the Flower Garden
Banks population demonstrated that these larvae have short
pelagic durations compared with other broadcast spawning
scleractinian corals (e.g., Orbicella franksi), which could facili-
tate local adaptation as larvae are more likely to recruit locally
(Davies et al. 2017). However, it is unknown if P. strigosa on
the Belize MBRS have similarly short pelagic larval durations.
We hypothesize that nearshore P. strigosa are locally adapted
and/or acclimated to more variable and stressful nearshore
conditions, allowing maintenance of higher calcification rates
under thermal stress compared to their forereef counterparts.
However, responses based on reef zone could be obscured by
uneven sampling across sites, as forereef genotypes of
P. strigosa were underrepresented in the experiment (2 geno-
types vs. the standard 3) due to mortality of one forereef col-
ony before the experiment began. We do acknowledge,
however, that greater replication within each site may have
yielded different effects of reef zone in other parameters of
P. strigosa physiology due to the well documented additive
genetic variation within coral populations (Dixon et al. 2015;
Kavousi et al. 2016).

Time-course experiments reveal acclimation to
thermal stress

This study contributes to a growing body of literature dem-
onstrating the value of assessing time-course physiology of
corals under stress. Although studies investigating indepen-
dent effects of temperature and acidification on corals have
yielded insight into the effects of global change (e.g., Jokiel
and Coles 1990; Albright et al. 2018), combined effects of
these stressors remain less explored—particularly in the con-
text of how coral stress is modulated by stress duration. By
characterizing host and symbiont physiology of the same col-
ony through time, acclimatory responses were identified in
two coral species, providing further evidence of the species-
specific nature of coral acclimation. For example, under
extreme pCO2 and elevated temperature, S. siderea net calcifi-
cation appears to recover by the end of the experiment while
P. strigosa calcification continues to decline with time,
resulting in negative net calcification by T95. Notably, these
results would not have been apparent in shorter-term expo-
sures. Additionally, the exposure duration component of this

study suggests that species will exhibit differential responses
to ephemeral stress events. Local heat waves that raise SST and
upwelling events that reduce pH—factors that already
threaten coral populations—may threaten coral species in dif-
ferent ways in the future depending on the duration of these
events. The lack of a statistical difference in pCO2 levels
between several of the treatments at T0 (end of century pCO2

treatment at 31�C was lower than target pCO2; Fig. S2) may
have also affected the corals’ physiological response through
time. It is possible that if corals in this end of century, 31�C
treatment had been exposed to the target pCO2 for longer,
additional physiological responses through time would have
been observed. However, this does not negate the key findings
that P. strigosa was most responsive to elevated temperature
while S. siderea was most responsive to extreme pCO2. Addi-
tionally, the goal of this study was to characterize how corals
acclimate to global change stressors through time, and the
observed responses to treatments relevant to predicted future
ocean conditions—particularly P. strigosa in response to
temperature—highlights that exposure to these conditions is
likely not sustainable over the course of the lifespans of indi-
viduals of this species. Interestingly, our results suggest that
such stress exposure could be more sustainable for S. siderea.

Acclimation is an important mechanism by which corals can
withstand changing environmental conditions, and trans-
criptome plasticity is one way that corals can acclimate to stress
(Davies et al. 2016; Kenkel and Matz 2016; Rivera et al. 2021).
For example, a coral reciprocal transplant experiment revealed
that adaptive gene expression plasticity of stress response genes
was associated with reduced susceptibility to bleaching (Kenkel
and Matz 2016). In addition to plasticity providing a mechanism
for acclimation within a generation, corals can rapidly adapt
through selection on standing genetic variation in thermal toler-
ance traits (Dixon et al. 2015; Matz et al. 2018). However, recent
declines in coral abundance, diversity, and health suggest rates
of intra- and trans-generational adaptation to global change
stressors within most coral populations are insufficient for miti-
gating deleterious impacts of global change (Thomas
et al. 2018). Additionally, in contrast to the demonstrated
importance of gene expression plasticity in acclimating to differ-
ent temperature environments, Comeau et al. (2019) demon-
strated that corals were unable to acclimatize to acidification
conditions by altering calcifying fluid chemistry over the course
of 1 yr. Understanding the interplay of acclimation and adapta-
tion in scleractinian corals is therefore essential for projecting
how corals will fare in the higher-CO2 future. Studies focusing
on long-term acclimation capacities of corals will further eluci-
date mechanisms of resistance and resilience to global stressors.
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