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Abstract
Corals are relatively stenothermic organisms and highly sensitive to thermal stress. To understand how heating rate modulates 
the holobiont response to thermal challenge, we compared the effects of acute heat shock and cumulative thermal exposures 
on Acropora cervicornis from Southeast Florida (26° 06 N, 80° 05 W). In March of 2017, maximum dark-adapted yield of 
photosystem II (FV/FM), rates of dark respiration (R), and rates of gross photosynthesis (Pg) were measured at temperatures 
spanning 25–36 °C. Thermal performance curves of each response variable were constructed as a function of temperature and 
thermal dose (i.e., degree heating minutes). Acute exposure (i.e., instantaneously increasing temperature by between 2.5 and 
10 °C) resulted in a more marked decline in physiology despite a lower thermal dose, compared to the cumulative exposure 
(2.5 °C  h−1). Apparent deficits in coral holobiont metabolism were observed as a function of both temperature and thermal 
dose, but examination of holobiont metabolism in a dose-context revealed more pronounced differences between acute and 
cumulative exposures. Subtle physiological differences may be more easily identified and better cross-study comparisons of 
cnidarian thermal tolerance may be achieved by placing temperature exposures in degree heating times. In addition, the ratio 
of daily Pg:R fell below 1 when temperatures exceeded 32 °C, corroborating prior observations that Pg:R may be a means of 
identifying physiological deficits in advance of visual signs of dysbiosis, such as bleaching.

Introduction

Corals participate in an intricate partnership with endosym-
biotic dinoflagellates in the family Symbiodiniaceae (LaJeu-
nesse et al. 2018) that provide most of the metabolic energy 
for survival (Muscatine et al. 1981) and growth (Muscatine 
and Cernichiari 1969). Under optimal conditions of light 
and temperature, corals provide their symbiotic partners 
with the carbon dioxide  (CO2) required for photosynthesis 
and the nutrients required for growth (Davy et al. 2012). In 

exchange, the Symbiodiniaceae provide the host with photo-
synthetically fixed carbon in the forms of glucose (Burriesci 
et al. 2012), glycerol (Grottoli et al. 2006), lipids (Chen et al. 
2015), and carbon skeletons for the synthesis of amino acids 
(Wang and Douglas 1999) and organo-phosphates (Morris 
et al. 2019). This exchange contributes to high productivity 
and enhanced calcification that enables reef formation in 
otherwise oligotrophic waters (Roth 2014).

Scleractinian corals are living near the upper limit of their 
thermal tolerance and are often especially sensitive to devia-
tions > 1 °C above local temperature maxima, particularly 
in concert with sustained, high levels of irradiance (Fitt and 
Warner 1995; Lesser and Farrell 2004; Hoegh-Guldberg 
et al. 2017). Thermal and/or irradiance stress results in dys-
biosis—the maladaptive perturbation of the normal coral-
associated microbiome (Bosch and Miller 2016). Dysbiosis 
often involves the loss of endosymbiont chlorophyll or the 
Symbiodiniaceae via subsequent expulsion, digestion, and/
or in hospite degradation that manifests visually as coral 
bleaching (Brown 1997; Lesser 2006; Weis 2008). Conse-
quently, coral bleaching represents the biggest threat to the 
persistence of coral reef ecosystems worldwide (Hughes 
et al. 2003; Hoegh-Guldberg et al. 2017).
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Measures of maximum dark-adapted yield of photosys-
tem II (FV/FM), gross photosynthesis (Pg), and dark respira-
tion (R) provide an integrated physiological perspective for 
interpreting the effects of temperature on cnidarian symbio-
sis (Coles and Jokiel 1977; Falkowski 1984; Davies 1991; 
Gates et al. 1992; Warner et al. 1999). Hundreds of studies 
have compared the physiological effects of heat-shocked 
cnidarians to control organisms held at ambient tempera-
tures (reviewed in McLachlan et al. 2020). However, differ-
ences in heating rates and exposure regimes, even among 
short-term thermal stress experiments, make it difficult to 
resolve differences in results across studies (McLachlan 
et al. 2020). Indices of thermal accumulation, such as degree 
heating weeks, are used in products to warn managers about 
bleaching risks (Liu et al. 2018) and provide more accu-
rate predictions of coral bleaching than temperature alone 
(Gleeson and Strong 1995). In these indices, degree heating 
times accumulate whenever temperatures exceed local mean 
monthly maxima (Wyatt et al. 2020). The same principle 
can be applied to laboratory temperature series to estimate 
thermal doses, since thermal stress and bleaching depend on 
dose and heating rate (Middlebrook et al. 2010). The major-
ity of studies have examined coral performance as a function 
of temperature rather than thermal dose (McLachlan et al. 
2020), but an improved understanding of coral bleaching 
and resilience could be achieved by examining coral perfor-
mance in a dose-context.

We compared the metabolic responses (i.e., the activa-
tion energy, Ea, inactivation energy, Eh, and the tempera-
ture of inactivation, Th, of FV/FM, R, and Pg) of Acropora 
cervicornis to determine how acute and cumulative heat-
ing regimes influence coral physiology. We hypothesized 
differences in coral physiology between acute and cumu-
lative exposure would be more pronounced when related 
to thermal dose, rather than as a function of temperature. 
Responses are presented as a function of both temperature 
and degree heating minutes to demonstrate the value of each 
approach.

Materials and methods

Coral sampling

Nubbins of the staghorn coral A. cervicornis Lamarck 
were obtained from a nearshore coral nursery in Broward 
County, Florida (26° 06 N, 80° 05 W) maintained by Nova 
Southeastern University (NSU). A. cervicornis was chosen 
because it is one of two ecologically important acroporids 
that historically dominated the Caribbean reefscape, and it 
is a target species in a large number of restoration efforts 
(Schopmeyer et al. 2017). The source colonies used in this 
study were maintained in the nursery for > 6 years (5–7 m 

depth, temperature series in Fig. 1a, inset). A total of seven 
genets of local origin were collected from the nursery to 
incorporate natural biological variability in the experimental 
design and broaden the applicability of our findings. The 
genets were previously identified by DNA microsatellite loci 
sequencing (Baums et al. 2010; Baums, unpublished data), 
and designated B through J. Genets were selected a priori 
by the nursery manager to represent a wide range of coral 
resilience based on outplant survival (Goergen and Gilliam 
2018). In late February 2017, six 4-cm ramets from six gen-
ets (B, C, E, F, H, J), plus a single ramet from an additional 
genet (D), were cut from nursery colonies with bone cut-
ters by SCUBA divers. The additional genet D nubbin was 
included to increase sample size. Each nubbin was glued to a 
hex-head bolt in situ with marine epoxy, tagged, and attached 
to a grid on a PVC array 0.5 m above the sandy seafloor. The 
resulting nubbins (n = 6 genets × 6 ramets = 36 + 1 = 37 nub-
bins) were left to heal for 1 month. A HOBO logger (Onset 
Corp.) was attached to the array to record in situ temperature 
every 30 s (Fig. 1a, in situ nursery).

After one month, 36 of the selected nubbins had healed 
completely and grown. Only one nubbin died (genet F). The 
surviving nubbins were collected from the field nursery (in 
situ temperature at collection = 23.8 °C) and transported to 
the laboratory in an insulated cooler filled with seawater. 
Nubbins were placed in a common outdoor tank (1.5  m3 
volume) with multi-directional, circulating seawater, and 
temperature control in NSU’s land-based nursery. As in 
the field, temperature was recorded every 30 s by a HOBO 
logger (temperature range = 24.5–26.0 °C, Fig. 1a, tank). 
Encrusting organisms were gently removed with a handheld 
rotary tool from areas without live tissue. All nubbins were 
rinsed and returned to the outdoor tank for 2–5 days.

Irradiances

Estimates of maximum instantaneous downwelling irradi-
ance at midday (Ed_noon) were calculated to approximate 
in situ light conditions at the nursery. Values of daily inte-
grated photosynthetically available radiation (PAR) reach-
ing the ocean surface and the diffuse attenuation coefficient, 
Kd(490), were obtained for the location of the coral nursery 
during the month of March 2017 from the NASA MODIS 
program (https:// modis. gsfc. nasa. gov/ data/ datap rod/ par. php) 
and inverted to produce instantaneous downwelling plane 
irradiances at noon [Ed_noon(0 +)] incident on the surface, 
assuming a sinusoidal daily temporal pattern of irradiance:

where Ed_noon(0 +) represents the instantaneous plane irradi-
ance (PAR) above water at noon, t represents the time of day, 

MODISDaily PAR = Ed_noon(0+)∫
t = D

t = 0

sin
(

�
t

D

)

dt

https://modis.gsfc.nasa.gov/data/dataprod/par.php
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and D represents the daylength. The indefinite integral 
∫ sin

(

�
t

D

)

dt evaluates to − 1

�
cos

(

�
t

D

)

 , which simplifies to 
2D

�
 over the interval between sunrise (t = 0) and sunset (t = D). 

This was rearranged to solve for Ed_noon(0 +):

which was then propagated across the air–water interface 
using a transmittance (τ) of 0.54 (Mobley 1994) to obtain 
the in-water downwelling irradiance at the ocean surface:

Instantaneous noon irradiances at the depth of the 
coral nursery, Ed_noon(z), were then calculated using the 
Beer–Lambert Law:

where z is the depth of the coral nursery (6.1  m) and 
Kd(PAR) was derived from MODIS Kd(490) data product 
according to Morel et al. (2007):

Field Ed_noon(6.1 m) ± 2SE for the month of March was 
324 ± 34 µmol photons  m−2   s−1 (Fig. 1b). The common 
tank was shaded to approximate in situ field conditions 
(mean ± 2SE tank Ed_noon = 298 ± 54 µmol photons  m−2  s−1, 
Fig. 1b) and prevent photoinhibition that might result from 
exposure to unshaded irradiances in the tank. Areas of the 
tank with Ed_noon < 200 µmol photons  m−2  s−1 were noted 
and no nubbins were placed in those areas to maintain irra-
diance levels near in situ values (Fig. 1c). Nubbins were 
repositioned in the tank each day to randomize any position 
effects.

Thermal exposure experiments

Two experiments were conducted wherein nubbins were 
subjected to either an acute or cumulative thermal exposure 
to determine thermal performance curves of FV/FM, R, and 
Pg. Corals in the acute treatment were moved directly from 
the ambient to the target temperature (heat shock), while cor-
als in the cumulative treatment experienced gradual (30 min) 
warming from ambient to subsequent target temperatures 
(heat accumulation). Average in situ temperatures for the 
time of year are > 24 °C in late March (n = 7 years; Fig. 1a, 
inset), and the observed local bleaching threshold for A. 
cervicornis is > 31 °C (Goergen personal communication). 
Therefore, experimental temperatures between 25 and 36 °C 
were selected to obtain a range of metabolic rates from the 
baseline for the time of year to those wherein a physiological 

Ed_noon(0+) =
� MODIS Daily PAR

2D

Ed_noon(0−) = �Ed_noon(0+)

Ed_noon(z) = Ed_noon(0−)exp
[

−Kd(PAR)z
]

Kd(PAR) = 0.0864 + 0.884Kd(490) −
0.00137

Kd(490)

b

c

a

Fig. 1  Temperature series of a in situ nursery temperatures from the 
day corals were fragmented (February 22, 2017) until the day of col-
lection (March 22, 2017, dashed line) and the outdoor common tank 
from the collection date until the last experimental day (March 27, 
2017). Daily mean temperature (solid line) and daily range (shading) 
are displayed. Historical in situ field temperatures in the nursery from 
January 2010 to March 2017 (inset). b MODIS-derived daily noon 
irradiance (Ed_noon) for the field nursery (z = 6.1 m) in March 2017. c 
A diagram of the outdoor tank with PAR measurements taken at mid-
day (12:16). PAR values were taken at in each position in the tank, 
with bold numbers representing positions where corals were placed. 
The grey area represents the portion of the tank covered by a shade 
cloth
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decline was expected to capture the upper breadth of ther-
mal performance of A. cervicornis. Each exposure was com-
pleted within a single day to make the exposures comparable 
and avoid acclimation. Experiments were carried out over 
two days between 0900 and 1730 h local time.

Experiments were performed in laboratory aquaria com-
prised of two tank systems: a staging system and a heat 
treatment system. Each system consisted of an experimen-
tal tank and sump tank constructed from 25-L insulated 
coolers. Water was pumped to the experimental tank by a 
450-W electric pump and returned to the sump tank via grav-
ity overflow (Fig. S1, ESM). Both staging and heat treatment 
systems were filled with fresh seawater from the outdoor 
tank each morning. Additional fresh seawater was supplied 
continuously at a rate of 4 L  h−1 into each experimental tank 
from a common reservoir, and the addition of water to the 
system was balanced by outflow from the sump tank. The 
acute and cumulative exposures were performed in the same 
heat treatment system.

Temperature was controlled by a submersible heater and 
pump for chilling in the sump, driven by an Arduino micro-
processor and custom software. The chilling pump circu-
lated tank water through a stainless-steel coil in an ice bath 
maintained at 4 °C by a temperature controller (AquaLogic). 
Tank water temperature was monitored by a thermistor in 
the experimental tank calibrated to 0.1 °C against a NIST-
traceable spirit-filled thermometer and recorded at 1 kHz 
by the Arduino logger. The temperatures of all laboratory 
tanks matched the ambient temperature of the outdoor tank 
(25.4 °C) when corals were brought into the laboratory.

A custom 8-chamber respirometry apparatus was sub-
merged in the experimental tank of the heat treatment system 
(Fig. S2, ESM). Each 120-mL chamber within the apparatus 
was fitted with a glass-enclosed magnetic stir bar and a fiber 
optic oxygen  (O2) sensor connected to a PreSens OXY-10 
Mini instrument. All chambers were mounted to an acrylic 
base over magnetic micro-stirrers. Water temperatures were 
measured in each chamber to ensure temperature between 
the saltwater bath and chamber were the same. A two-point 
calibration was performed on the  O2 sensor in each chamber 
according to the manufacturer’s protocol.  O2 concentrations 
 ([O2]) were recorded in all chambers every 6 s.

For both exposures, nubbins were transferred from the 
outdoor tank to the experimental tank of the staging sys-
tem in the laboratory. One nubbin was placed randomly 
into each of the temperature-stabilized chambers, with a 
single chamber left empty to measure microbial metabo-
lism in the seawater. In the acute exposure, one ramet from 
each genet (n = 6 genets) was placed directly into one of the 
chambers. Measurements were made at a single temperature 
(n = 5 temperatures), and the nubbins were sacrificed. No 
nubbin was measured at more than one temperature in the 
acute exposure and the same six genets were present at each 

measurement temperature, with one exception. The mortal-
ity of a nubbin from genet F in the field permitted only five 
genets to be measured at 27.9 °C, resulting in a total of 29 
nubbins in the acute exposure.

In the cumulative exposure, as above, seven nubbins (gen-
ets B-J) were placed into the chambers at 25.4 °C. The  O2 
metabolism of these individuals was measured repeatedly as 
temperature was incrementally ramped to five temperatures 
between 25.4 and 35.7 °C. Six of the seven genets were the 
same as those in the acute experiment. Nubbins from the 
cumulative exposure were subjected to each measurement 
temperature for at least 20 min, then ramped up by 2.5 °C in 
30-min intervals. This design was chosen for two reasons. 
First, if different exposures produced the same physiological 
patterns, a cumulative exposure would substantially reduce 
the number of coral nubbins required. Second, the rates of 
temperature increase were selected to complete the tempera-
ture exposure series within a single day in both exposures, 
to avoid confounding the exposure response with possible 
acclimation.

Response variables

Rates of dark respiration (R) and light-saturated net photo-
synthesis (Pn) were quantified by measuring  O2 evolution 
with the coral respirometry apparatus at five distinct meas-
urement temperatures. A single nubbin was placed in each 
chamber, the chambers were sealed, and  [O2] was meas-
ured for > 10 min in the dark. The chambers were opened 
and flushed with tank water. After at least 25 min in the 
dark, FV/FM was measured in triplicate at different places on 
each nubbin using a pulse-amplitude modulation fluorom-
eter (Junior-PAM, Heinz Walz GmbH). All chambers were 
resealed, and the tank was illuminated with a photosynthe-
sis-saturating irradiance of 500 µmol photons  m−2  s−1 via 
white LED lamps, based on experimental measurements per-
formed by Chalker (1981) and Bedwell-Ivers et al. (2017). 
Incubation irradiances were verified using a Li-Cor 250A 
PAR radiometer with a scalar (spherical) collector. Net  O2 
flux was measured at each temperature in the light. The 
entire process was repeated at five distinct temperatures from 
25.4 to 35.7 °C, at 2.5–3 °C intervals during each exposure 
treatment (Fig. 2a). Salinity was measured using a refrac-
tometer at every temperature. Differences in  O2 solubility 
due to temperature and salinity were compensated for in all 
calculations during data processing.

Data processing and analyses

The ambient temperature of the outdoor tank was 25.4 °C. 
Degree heating times are often calculated as the duration 
and magnitude of temperatures > 1 °C above the local mean 
monthly maximum (Wyatt et al. 2020). However, because we 
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were interested in comparing laboratory exposures, thermal 
dose from the recorded temperature series of each treatment 
was calculated as degree heating minutes (DHM, °C·min) 
above the ambient temperature. Briefly, the magnitude of 
temperatures > 25.4 °C were summed over the total exposure 
duration (min) for each set of nubbins (Table S1, ESM).

Triplicate measurements of FV/FM were averaged and 
reported as single values (without error) for each nubbin 
at each measurement temperature. R, Pn, and Pg were cal-
culated from changes in dissolved  [O2] as in Aichelman 

et  al. (2019). Recorded  [O2] values were corrected for 
temperature and salinity based on the correction calcula-
tions provided by the PreSens system. Slopes of ΔO2/Δt 
(nmol  O2  mL−1  min−1) in the dark (R) and in the light (Pn) 
were calculated from linear sections of each trace by least 
squares regression. Metabolic rates were corrected for the 
combined effects of instrument drift and microbial metabo-
lism from the seawater, scaled to chamber volume (mL), and 
normalized to coral tissue surface area  (cm2, determined by 
the wax method, Stimson 1991). Gross photosynthesis (Pg) 
was calculated as Pn + |R|.

Since temperature is a continuous variable, we performed 
regression analyses, rather than parametric or non-paramet-
ric analyses with pairwise comparisons, to determine the 
functional responses across the entire temperature range and 
obtain a predictive model for thermal performance (Cotting-
ham et al. 2005). Thermal performance under each expo-
sure was approximated using a modified Sharpe–Schoolfield 
model (Schoolfield et al. 1981), which extends the classic 
Arrhenius model for thermal performance by accounting 
for non-linearity of the performance curve from inactivated 
proteins at high temperatures (reviewed in Schulte 2015). 
Sharpe–Schoolfield models have been used to accurately 
describe temperature sensitivity characteristics in a variety 
of organisms, such as developmental rates of Drosophila 
(Gibert and Jong 2001), primary productivity of phyto-
plankton (Padfield et al. 2016), and metabolic adaptation 
of temperate corals (Aichelman et al. 2019). Values of FV/
FM, R, and Pg vs. temperature were each fitted to a modified 
Sharpe–Schoolfield model (Padfield et al. 2016):

using MATLAB’s Curve Fitting Tool (cftool), which pro-
vided error estimates for each non-linear equation param-
eter as in Zimmerman et al. (1987). Model symbols and 
their definitions are summarized in Table 1. The model 
assumes that a single enzyme controls the apparent tem-
perature dependence of the rate (Padfield et al. 2016). The 
lower limit of Symbiodiniaceae photosynthesis in culture 
has been reported to be 5 °C (McBride et al. 2009) and many 
enzymes and proteins critical to cellular function denature 
around 40 °C (Angilletta 2009). As such, a metabolic rate 
of 0 was assumed at 5 and 40 °C for all Sharpe–Schoolfield 
model fits in both exposures.

Values of FV/FM, R, and Pg vs. DHM were each fitted to 
a 2nd degree polynomial:

as above, where parameter a is the 2nd order slope, b is the 
1st order slope, and c is the y-intercept (Table 1). Result-
ing parameters for all models were compared via t tests to 

ln[m(T)] = Ea

(

1

kTc
−

1

kT

)

+ ln
[

m
(

Tc
)]

− ln

[

1 + e
E
h

(

1
kTh

−
1
kT

)

]

ln[m(T)] = a
(

DHM2
)

+ b(DHM) + c

b

a

Fig. 2  a The temperature series (°C) of two thermal exposures, 
wherein coral holobiont respiration and net photosynthesis were 
measured at 5 discrete temperatures (thermal plateaus) for at least 
20 min (10 min for dark respiration and 10 min for net photosynthe-
sis). Corals in the acute exposure were placed into the chambers at 
the target temperature (solid black lines) for the duration (dark grey 
shading). Corals in the cumulative exposure were placed in cham-
bers at the start of the experiment and ramped up at ~ 2.5  °C inter-
vals in ~ 30 min (light gray shading). b The thermal dose expressed 
in degree heating minutes (DHMs, °C·min) above ambient (25.4 °C) 
for acute (solid points and line) and cumulative (open points, dotted 
line) exposures, calculated by integrating the shaded areas in Fig. 2a. 
There was error in both x and y, but the 95% confidence limits on 
both are smaller than the symbols plotted
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identify significant differences in curve features between 
acute and cumulative exposures (α = 0.05, mean ± 95% con-
fidence interval).

Temperature sensitivity (Q10) was calculated over the 
exponentially increasing portion of the response curve from 
25 to 33 °C for each metabolic rate with acute and cumula-
tive exposures, as follows:

where ρ is the metabolic rate and T is the corresponding tem-
perature. Unlike the Sharpe–Schoolfield model, metabolic 
rates that decreased at high temperatures were eliminated 
from these calculations, as the Q10 formulation requires 
that metabolic rates increase continuously throughout the 
temperature range. The ratio of instantaneous rates of gross 
photosynthesis to respiration (Pg:R) was calculated for each 
sample, and an analysis of covariance was performed to 
compare the temperature dependence of Pg:R for each expo-
sure. Raw data are publicly available on GitHub and citable 
at Zenodo (Martell 2021).

Results

Daily mean temperatures ± 2SE in the field and outdoor 
tank over the course of the experiment were 24.4 ± 0.3 and 
26.0 ± 0.1 °C, respectively (Fig. 1a). On the morning of both 
exposures, the outdoor tank temperature was 25.4 °C when 
corals were transferred to the laboratory (Fig. 2a). At tem-
peratures < 30 °C, DHM (°C min) were similar between 
exposures (Fig. 2b). At temperatures > 30 °C, nubbins in 
the cumulative treatment were exposed to two to three times 
greater DHM than in the acute treatment.

Temperature responses of all metabolic parameters (FV/
FM, R, Pg) in both the acute and cumulative exposures con-
formed to the Sharpe–Schoolfield model (Table S2, Fig. 

Q10 =

(

�2

�1

)(
10

T2−T1
)

S3, ESM). Th was the inflection point of the thermal per-
formance curve and indicated the temperature where the 
enzymatic inactivation (Eh) of the physiological parameter 
occurred. The Th of FV/FM was 4.9 °C lower in the acute 
exposure relative to the cumulative exposure (Table 2; Fig. 
S3A, ESM).

FV/FM decreased when temperatures exceeded 28 °C in 
both treatments, representing a thermal dose > 75 °C·min 
(Fig. 3a). Mean FV/FM dropped by 65% from 0.55 to 0.19 in 
the acute exposure but decreased by only 21% from 0.58 to 
0.46 with cumulative heating (Fig. 3a). In the acute expo-
sure, FV/FM decreased linearly as thermal dose increased 
from 0 to 247 °C·min, then declined sharply at 326 °C·min 
(Fig. 3a). In contrast, the slope of FV/FM vs. thermal dose in 
the cumulative exposure was less steep and never fell below 
0.45, despite being exposed to > 900 °C·min, nearly three 
times the thermal dose of the acute exposure.

Exposure regime (acute vs. cumulative) had a significant 
effect on the Sharpe–Schoolfield model parameters for R and 
Pg (Table 2). The temperature-induced enzyme activation 
values (Ea) for R in this study (Ea ACUTE = 0.76 ± 0.07 eV; 
Ea CUMULATIVE = 0.74 ± 0.05 eV) were on par with those 
expected for invertebrates (e.g., Ea INVERT ∝  ~ 0.60 to 
0.70 eV, Brown et al. 2004). Baseline values of R, m(Tc), and 
Ea of R were not affected by the thermal exposure regime, 
but Th and the energy required for the onset of enzyme inac-
tivation (Eh) were significantly higher in the cumulative 
exposure than in the acute exposure (Table 2). Th was 1.5 °C 
lower in the acute exposure indicating, as with FV/FM, that 
holobiont R was more sensitive to acute thermal challenge 
than to cumulative exposure.

Every Sharpe–Schoolfield model parameter for Pg dif-
fered with exposure primarily because Pg remained higher 
above 30 °C for the cumulative treatment than the acute 
treatment. Ea and m(Tc) of Pg were slightly, but significantly, 
higher in the acute exposure (Table 2). Th and Eh of Pg were 
4.3 °C and 0.53 eV greater in the cumulative exposure, 
respectively (Table 2). The acute exposure Pg measurements 

Table 1  Symbols, definitions, 
and units used for model 
parameters

Symbol Definition Units

m(T) Metabolic rate per unit surface area nmol  O2  cm−2  min−1

Ea Activation energy for the metabolic process eV
Eh Inactivation energy for the metabolic process > Th eV
m(Tc) Metabolic rate at Tc nmol  O2  cm−2  min−1

Tc Reference temperature, 298.55 K (25.5 °C) K
Th Temperature at which enzymatic inactivation begins K
k Boltzmann’s constant (8.62 ×  10–5) eV  K−1

T Temperature Kelvin, K
a 2nd order slope nmol  O2  cm−2 °C−1  min−2

b 1st order slope nmol  O2  cm−2 °C−1  min−2

c y-intercept °C·min
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displayed a high degree of variability and 95% confidence 
intervals overlapped (Fig. S3C, ESM), but differences in 
model parameters were significant.

R in the acute exposure peaked at 121  °C·min and 
declined at DHM > 121 °C·min. In the cumulative exposure, 
however, R continued to increase at DHM > 543 °C·min 
and temperatures > 31  °C and plateaued at thermal 
doses > 1000 °C·min, despite being exposed to a thermal 
dose more than eight-fold higher than in the acute treatment 
(Table 3, Fig. 2b). Rates of Pg in both exposures increased 
until DHM exceeded ~ 325 °C·min (i.e., from 25 to 31 °C), 
then decreased with increasing DHM (Fig. 2b, c). Mean R 
was more sensitive to increasing temperature than mean Pg 
in both exposure treatments; however, Q10 values for both 
metabolic rates between treatments were not significantly 
different (Table 4).

The decline in gross photosynthesis at tempera-
tures > 30 °C and thermal doses > 325 °C·min indicated 
thermal stress, leading to metabolic deficit (i.e., Pg:R < 1) at 
higher temperatures. Examination of the metabolic budget 
as a function of temperature revealed Pg:R decreased lin-
early with increasing temperature at the same interval in 
both exposures but Pg:R in the acute exposure was signifi-
cantly lower at all temperatures (Fig. 4a; Table 5a). Pg:R 
dropped below 1 at 34.9 and 36.2 °C in the acute and cumu-
lative exposures, respectively (Fig. 4a), indicating the onset 
of instantaneous metabolic deficit, and reflecting the dif-
ferences in metabolic rate Th between exposures (Fig. 3b, 
c). Pg:R as a function of DHM revealed a sharper decline 
with acute exposure compared to the cumulative treatment 
(Fig. 4b; Table 5b). Acute exposure Pg:R as a function of 
DHM fell below 1 after experiencing just half the thermal 
dose (DHM) experienced by corals in the cumulative expo-
sure (Fig. 4b). Although Pg:R declined gradually in the 
cumulative exposure, it never fell below 1, indicating that 

the these corals maintained positive metabolic balance at all 
experimental temperatures (Fig. 4a). Examination of Pg:R 
as a function of DHM accentuated exposure differences not 
denoted by examination of temperature alone (Fig. 4a, b).

Discussion

Despite a smaller thermal dose, the acute exposure elicited 
a greater physiological response in metabolic and FV/FM 
thermal performance, relative to the cumulative exposure. 
Physiological symptoms of thermal stress were also most 
apparent in the acute exposure, adhering to the prevailing 
thermal acclimation theory that more gradual heating can 
ameliorate thermal stress (Angilletta 2009). All physiologi-
cal measures had lower temperatures of inactivation, Th, and 
R and Pg had lower enzyme inactivation slopes, Eh, with 
acute exposure. Modeled R and Pg declined more steeply 
in the acute exposure than in the cumulative exposure (Fig. 
S3B, ESM). Holobiont R and Pg were not measured at tem-
peratures greater than 35.7 °C; thus, the critical thermal 
maximum, where R or Pg = 0, may have been greater than 
the upper constraint of 40 °C used in the model. An increase 
in Th would lead to a steeper Eh, as was observed in both R 
and Pg. However, given that the onset of denaturation for 
many critical proteins is around 40 °C (Lepock et al. 1993), a 
large shift in critical thermal maximum seems unlikely in the 
context of this experiment, especially since it was conducted 
over a short duration unlikely to generate an acclimation 
response.

Holobiont respiration showed greater resilience than 
photosynthesis at high thermal doses, as in previous work 
(Silbiger et al. 2019). In hospite  CO2 limitation has been 
suggested in zooxanthellate cnidarians under thermal stress 
(Rädecker et al. 2017; Cunning et al. 2017), which may 

Table 2  Mean parameters 
values (± 95% CI) for the effect 
of temperature on maximum 
dark-adapted yield of PSII 
(FV/FM), respiration (R), and 
gross photosynthesis (Pg) in 
acute and cumulative exposures 
and the t statistic (t), degrees of 
freedom (df), and p values (p) 
from comparisons (t tests) of 
parameters between exposures

Th temperatures are given in °C
p values representing significant differences between exposures for each parameter are bolded

Parameter Acute Cumulative t df p

FV/FM Ea 0.15 ± 0.02 0.16 ± 0.02 1.17 11 0.267
Eh 3.44 ± 1.30 1.57 ± 0.19 3.79 11 0.003
m(Tc) 1.42 ± 0.04 1.47 ± 0.03 2.57 11 0.026
Th 36.6 ± 0.7 41.5 ± 0.2 17.81 11  < 0.0001

R Ea 0.76 ± 0.07 0.74 ± 0.05 0.60 11 0.561
Eh 2.67 ± 0.60 4.30 ± 1.04 3.38 11 0.006
m(Tc) 3.15 ± 0.13 3.11 ± 0.08 0.68 11 0.510
Th 36.1 ± 1.0 37.6 ± 0.6 3.34 11 0.007

Pg Ea 1.34 ± 0.19 1.15 ± 0.08 2.42 11 0.034
Eh 1.40 ± 0.30 1.93 ± 0.24 3.54 11 0.005
m(Tc) 4.84 ± 0.49 4.28 ± 0.17 2.85 11 0.016
Th 28.6 ± 2.9 32.9 ± 1.1 3.65 11 0.004
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explain the sharper decline in Pg than R in response to high 
thermal doses (> 325 °C·min) observed here. Although we 
did not measure ΔpH, assuming an initial pH of 8.1, an alka-
linity of 2300 μmol  L−1 seawater and equivalency between 
Δ[DIC] and Δ[O2], CO2SYS-based calculations (Pierrot 
et al. 2006) indicate that air-saturated  CO2 concentration 
 ([CO2]) in the seawater may have decreased from 8 μmol  L−1 
at ambient (25.4 °C) to 5 μmol  L−1 at temperatures > 31 °C. 
However, coral holobiont photosynthesis does not appear 
to be stimulated by increased  [CO2] (Burris et al. 1983; 
Comeau et al. 2017, but see Osinga et al. 2017), and both 
treatment conditions had sufficient bicarbonate concentra-
tions  ([HCO3] > 1800 μmol  L−1) and aragonite saturation 
states (Ω Ar > 4) to support photosynthesis and calcification, 
respectively. Thus,  CO2 limitation probably did not contrib-
ute to the reduction in Pg observed in this experiment.

FV/FM reduction was much less severe in the cumula-
tive exposure than in acutely exposed corals, despite greater 
DHM at higher temperatures in the cumulative exposure. 
The drastic reduction of FV/FM and significantly reduced 
Th of FV/FM with increased temperature are consistent with 
photosystem II (PSII) damage in the alga with acute heat 
shock (Warner et al. 1999), suggesting algal symbiont PSII 
was particularly sensitive to the acute exposure. The dra-
matic decline in FV/FM observed with acute heat shock may 
result in the inability to replace important PSII structural 
proteins, such as D1, quickly enough under such exposure 
regimes, leading to photosystem breakdown (Warner et al. 
1999).

The thermal performance of A. cervicornis was less 
detrimentally affected by high temperatures with slower, 
incremental heating that acute heat shock, and respiration 
was less affected than photosynthesis. Thermal peaks of 
metabolic performance curves were shifted to higher tem-
peratures with cumulative exposure (Fig. S3, ESM), sup-
porting the idea that lower heating rates enabled detectible 
physiological adjustment (Middlebrook et al. 2010), even 
over the very short time periods used here. Acute treatment 
corals were exposed to instantaneous heating rates when 
transferred directly from 25.4 °C to each measurement tem-
perature, while cumulative treatment corals were heated at 
a rate of 2 °C  h−1 between each temperature increase. While 
neither heating rate is representative of local field condi-
tions, these exposure regimes generated significant physio-
logical differences that underscore the importance of heating 
rate in coral physiology. Despite its importance, fewer than 

Fig. 3  The effect of acute (solid points) and cumulative (open points) 
thermal dose (degree heating minutes, °C·min) on a maximum dark-
adapted yield of photosystem II (FV/FM), b holobiont respiration (R), 
and c gross photosynthesis (Pg). Solid lines are 2nd degree polyno-
mial fits. Dotted and dashed lines are 95% confidence intervals for the 
acute and cumulative treatments, respectively

▸
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20% of coral thermal stress studies reported heating rates 
(McLachlan et al. 2020). The influence of heating rates on 
coral physiology warrants further investigation.

Differences in metabolic rates and Pg:R between treat-
ments were more pronounced as a function of degree heating 
minutes (Figs. 3, 4b) than temperature (Figs. S3, 4a). Exami-
nation of metabolic rates as a function of DHM revealed 
Pg to be more dramatically reduced at high DHM than R 
(Fig. 3), indicating symbiont stress. These observations were 
noticed only by expressing the exposures as DHM, demon-
strating the value in using a dose-context for thermal stress 
experiments. By placing temperature exposures in degree 
heating times, subtle physiological differences may be more 
easily identified. In addition, short-term temperature expo-
sures are typical in laboratory experiments for logistical rea-
sons (McLachlan et al. 2020), but there is often a disconnect 
between laboratory-based exposures and thermal regimes on 
the reef. Calculation of thermal doses allows exposures in 
the laboratory to be related to the field, providing a common 
currency for interspecific and cross-study comparisons. The 
use of degree heating times also enables the conversion of 
temperature exposures into energy (i.e., Joules), which can 
allow metabolic budgets to be determined and generaliza-
tions to be made over larger scales.

The obligate nature of many scleractinian symbioses 
underscores the reliance upon the metabolic energy 
derived from algal symbiont photosynthesis for holobiont 
survival and growth. Assuming a sinusoidal function for 
daylength at the nursery latitude, and calculating the hours 

Table 3  Mean 2nd degree 
polynomial parameter values 
(± 95% CI) for the effect of 
degree heating minutes on 
maximum dark-adapted yield of 
PSII (FV/FM), respiration (R), 
and gross photosynthesis (Pg) in 
acute and cumulative exposures 
and the t statistic (t), degrees of 
freedom (df), and p values (p) 
from comparisons (t tests) of 
parameters between exposures

p values representing significant differences between exposures for each parameter are bolded

Parameter Acute Cumulative t df p

FV/FM a − 3.13E-06 ± 4.80E-07 4.57E-08 ± 2.17E-08 7.19 11 0.0001
b 9.44E-04 ± 2.42E-04 1.49E-04 ± 2.86E-05 4.87 11 0.0005
c 0.52 ± 0.02 0.58 ± 0.01 2.93 11 0.01

R a − 7.10E-05 ± 1.87E-05 − 1.74E-05 ± 4.51E-06 3.00 11 0.01
b 0.04 ± 0.01 0.03 ± 0.01 1.61 11 0.14
c 6.32 ± 0.90 6.90 ± 1.09 0.40 11 0.69

Pg a − 2.11E-04 ± 4.56E-05 − 2.15E-05 ± 7.01E-06 4.45 11 0.001
b 0.08 ± 0.02 0.02 ± 0.01 2.36 11 0.04
c 22.41 ± 2.19 24.57 ± 2.09 0.71 11 0.49

Table 4  The mean Q10 (± 95% CI) of each metabolic rate calculated 
from 25 to 31  °C for acute respiration and both exposures of gross 
photosynthesis

Q10 of respiration in the cumulative exposure was calculated from 25 
to 33 °C
The t statistic (t), degrees of freedom (df), and p values (p) from Q10 
comparisons (t tests) of respiration (R) and gross photosynthesis (Pg) 
rates between exposures

Metabolic rate Q10 t df p

Acute Cumulative

R 4.37 ± 1.94 3.57 ± 1.87 0.592 11 0.57
Pg 1.38 ± 0.40 2.10 ± 0.94 1.320 11 0.21

Fig. 4  The mean ratio of gross photosynthesis to respiration (Pg:R) 
as a function of temperature a and thermal stress dose expressed as 
degree heating minutes b in acute (solid points) and cumulative (open 
points) exposures. Error bars are 95% confidence intervals. Dashed 
line indicates a metabolic deficit threshold where Pg:R < 1
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of saturating irradiance at depth from daily PAR, instanta-
neous Pg:R can be scaled to daily rates of Pg:R (Zimmer-
man et al. 1994). On a day with the maximum Ed_noon(z) at 
the coral nursery’s latitude, 12 h of saturating irradiance 
leads to Pg:R < 1 at temperatures ≥ 31 °C, corresponding 
to the local bleaching threshold (NOAA Coral Reef Watch 
2017). Metabolic deficits degrade coral health (Levas et al. 
2016); however, little is known about how long a deficit 
must persist to see visual manifestation of dysbiosis (i.e., 
coral bleaching). Novel conservation interventions, such 
as marine cloud brightening and reef-cooling (National 
Academies of Sciences, Engineering, and Medicine 2018), 
are more likely to be successful if undertaken before 
bleaching occurs. Future work should be aimed at con-
tinuous monitoring of the thermally dynamic metabolic 
budget relationship (i.e., Pg:R), as it may offer a mecha-
nism to identify times of greatest bleaching vulnerability, 
prioritize restoration target regions, and improve coral 
bleaching prediction.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 021- 03847-6.
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