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A B S T R A C T

Coral reefs experience biologically-driven pCO2 oscillations that are predicted to become more extreme in
magnitude and duration under ocean acidification (OA) regimes. Understanding the plasticity of responses in
common reef-building corals to oscillations in pCO2 will allow for better predictions of their function in future
seawater conditions. This study explored the effects of variation in seawater pCO2 on coral calcification using
experiments conducted over one month between 9 April 2018 and 18 May 2018. Branches (~4-cm long) of
Acropora retusa were sampled from colonies at 10-m depth on the fore reef of Mo'orea, French Polynesia (17° 28′
53.9004" S, 149° 49′ 50.5992" W). We tested the hypothesis that depressed calcification caused by elevated pCO2
(~1000 μatm) is relaxed (i.e., calcification increases) upon return to ambient pCO2 (~400 μatm). Corals first
were incubated in ambient or elevated pCO2 for 19 days, with the result that calcification integrated over this
period was reduced by 31% under elevated pCO2. The same corals were then incubated at ambient pCO2 for
11 days, during which calcification was independent of the experimental pCO2 exposure history. Our results
suggest that a quick relaxation of pCO2-depressed calcification in A. retusa following cessation of high pCO2
indicates that corals are capable of a reversible plastic response of calcification when confronted by pCO2 os-
cillations.

1. Introduction

Ocean acidification (OA) is projected to approximately double pCO2
in seawater relative to current levels by 2100 under the scenario de-
scribed by Representative Concentration Pathway (RCP) 8.5 (IPCC,
2014). This translates to a depression of the pH of surface seawater by a
further ~0.3 units, and a reduction of the concentration of carbonate
ions [CO32-] and the saturation state (Ω) of calcium carbonate [as
aragonite (Ωarag) and calcite (Ωca)]. These trends ecologically are pro-
blematic in reducing rates of biogenic calcification worldwide in-
cluding, for example, by crustaceans (Arnold et al., 2009; Walther et al.,
2010; Courtney et al., 2013), molluscs (Orr et al., 2005; Ries et al.,
2009b), echinoderms (Doo et al., 2012; Byrne et al., 2013), and calci-
fying algae (Martin and Gattuso, 2009).

The tendency for OA to reduce biogenic calcification is of great
concern for tropical scleractinian corals, for which rapid calcification is
of central importance to their role as ecosystem engineers (Wild et al.,
2011). Reef-building corals provide the framework that numerous other

species use as habitat to alleviate the risks of predation and competition
(Huber and Coles, 1986), and enhance resource acquisition (Beukers
and Jones, 1997). The stringency of OA conditions projected for the end
of the 21st century under RCP 8.5 (IPCC, 2014) likely will impair the
ecosystem engineering function of scleractinians, because calcification
of most corals may decline as seawater pCO2 rises above ~450 μatm
(Erez et al., 2011). Despite great attention to the effects of OA on coral
reefs, much of the current understanding of OA is based on laboratory
experiments that implement treatment levels that are predicted to be
characteristic of oligotrophic open oceans. In oligotrophic open oceans,
seawater pCO2 can vary by ~25 μatm over a month (calculated from
Hofmann et al., 2011, assuming pHt range of 0.024, seawater tem-
perature of 27 °C, salinity of 35, and a total alkalinity of
2380 μmol kg−1). Although OA experiments completed under stable
pCO2 conditions have played important roles in understanding the
implications of OA for tropical reefs, accurate projections of the bio-
genic effects of OA require close attention to ecological relevance and
diel (and longer) variation in ambient pH (McElhany and Busch, 2013).
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In contrast to the oligotrophic open ocean, near-shore coral reefs
may experience seawater pCO2 that exhibits diel variability of ~236
μatm (calculated from Page et al., 2017, assuming pHt daily maximum
and minimum of 7.99 and 7.84 units, seawater temperature of 27 °C,
salinity of 35, and total alkalinity values of 2100 and 2168 μmol kg−1

that approximately correspond to pHt values previously described).
Community metabolism (i.e., calcification, photosynthesis, and re-
spiration) of coral reefs largely is responsible for these diel oscillations,
and also drives seasonal variation in seawater pCO2 (Kayanne et al.,
2005). Such seasonal effects can arise from changes in the abundance of
macroalgae (Anthony et al., 2011), or through variation in the meta-
bolism of macroalgae and corals driven by temperature and light
(Bates, 2002; Falter et al., 2012). Because the calcification, photo-
synthesis, and respiration of coral reefs, and the interactions among
these processes, are influenced by light, which varies in quantity on
multiple spatio-temporal scales, the feedback between community
metabolism and seawater chemistry creates oscillations in seawater
pCO2. The amplitude and periodicity of these oscillations can also be
affected by changes in cloud cover, transitions from day to night, hy-
drodynamic variability (e.g. offshore wave height and reef flat length
are inversely related to variation in carbonate chemistry), and input of
solar radiation into the ocean that varies among seasons (Falter et al.,
2012, 2013).

Under the pessimistic atmospheric pCO2 projection of RCP 8.5
(~1000 μatm by 2100) (IPCC, 2014), exposure of coral reefs to natural
oscillations in pCO2 predicted for the future (e.g., as large as
~200–1400 μatm diurnally) (Shaw et al., 2012) could attenuate the
magnitude of the depression of coral calcification that is observed
under elevated pCO2 regimes at a stable value of ~1000 μatm (Comeau
et al., 2013; Dove et al., 2013; Silbiger and Donahue, 2015). Evidence
that corals might respond differentially to treatments contrasting os-
cillatory versus stable pCO2 has motivated inclusions of such variation
into experimental studies (Dufault et al., 2012; Price et al., 2012). The
results have been incongruent between treatments (Dufault et al., 2012;
Comeau et al., 2014), for example, with net calcification of the coral,
Acropora hyacinthus, 27% higher for individuals exposed to diel oscil-
latory pCO2 (400 and 2000 μatm) compared to those maintained under
a stable elevated pCO2 of 1000 μatm after 6 weeks (Comeau et al.,
2014). The implications of this result are accentuated by the expecta-
tion that the rates of calcification should have been similar between
stable and oscillatory pCO2 treatments, at least based on the cumulative
exposure time to elevated pCO2 (Comeau et al., 2014). Evidence that
the pCO2 of seawater over shallow coral reefs oscillates over months
and seasons (Kayanne et al., 2005; Manzello, 2010) has yet to lead to
experimental tests of these effects on corals.

While seawater pCO2 higher than the current ambient (i.e.,> 450
μatm) generally depresses coral calcification over weeks-to-months
(Kroeker et al., 2010, 2013), it is unknown whether these effects might
abate should pCO2 be reduced during the declining phase of natural
pCO2 oscillations superimposed on the long-term trend for globally
rising pCO2. In the present study, we assessed how a monthly-scale
fluctuation in seawater pCO2 (as might occur within seasons [Kayanne
et al., 2005; Manzello, 2010]) affects calcification of a common Indo-
Pacific coral, Acropora retusa. We tested the hypothesis that depressed
calcification caused by a 19-day exposure to elevated pCO2 is subse-
quently relaxed (i.e., calcification increases) when the same corals are
returned for 11 days to seawater maintained at ambient pCO2. In ad-
dition to measuring calcification as a response variable, net photo-
synthesis was measured to gain insight into the ways by which auto-
trophic nutrition of the coral host (sensu Muscatine, 1990) might be
associated with the response of calcification to the sequence of ex-
posures to pCO2 regimes.

2. Methods

2.1. Coral collection

This study was conducted in the austral autumn between 9 April and
18 May 2018. On 9 April, 20 branches (~4-cm tall) of A. retusa were
collected from separate colonies (1 branch colony−1) at 10-m depth on
the fore reef of the north shore of Mo'orea, French Polynesia
(17°28′30.06" S, 149°50’13.44" W). Colonies that were ≥2m apart
were haphazardly selected for sampling to increase the likelihood that
each was genetically unique, assuming that each colony was a product
of the settlement of a sexual larva. The branches of A. retusa were
transported to the lab in a container shielded from direct sunlight, and
attached upright to plastic stands using cyanoacrylate adhesive
(EcoTech Marine Coral Glue). Prepared branches were allowed to re-
cover and adjust to laboratory conditions in a large aquarium (1000L)
for 4 days prior to the first calcification measurement.

2.2. Aquaria conditions

This experiment was conducted in aquaria at Richard B. Gump
South Pacific Research Station. A single 1000-L aquarium was used
during the laboratory adjustment and relaxation phases, and two 150-L
aquaria were used during the high-pCO2 exposure phase (experimental
phases described below). The physical and chemical conditions in the
incubation seawater were recorded during high-pCO2 exposure and
relaxation phases. The relaxation phase allowed corals to recover from
handling and manipulations prior to commencing treatments. All
aquaria were supplied at ~150mL min−1 with filtered seawater (pore
size ~100 μm) freshly pumped from Cook's Bay, and were maintained
at ~29.0 °C using chillers and heaters. This temperature was close to
the ambient seawater temperature at the collection site (~28.7 °C)
when the experiment was conducted in April 2018. The temperature of
the seawater in aquaria was recorded several times daily using a digital
thermometer (± 0.05 °C certified, model 15–077, Fisher Scientific,
Pittsburgh, PA, USA).

Four 75W light-emitting diode (LED) lamps (Sol White LED Module;
Aqua-illumination) provided overhead light to each aquarium on a
12:12 h light:dark photoperiod. Photosynthetically active radiation
(PAR) was increased gradually from 06:00 to 10:00 h, maintained close
to the maximum PAR typically recorded at 10-m depth on the fore reefs
of Mo'orea (~645 μmol quanta m−2 s−1, recorded with a 4π quantum
sensor) from 10:00 to 14:00 h, and then decreased gradually from 14:00
to 18:00 h to mimic natural light conditions on the reef. Maximum ir-
radiances at the bottom of the aquaria were ~ 679 μmol quanta m−2

s−1 (measured with a 4π quantum sensor (Li Cor, LI-193) attached to a
Li-Cor LI-1400 hand-held meter). During the laboratory adjustment
phase, coral branches were kept in a large aquarium (1000 L), within
which they were supported on a circular table that rotated once every
12 h to expose them to similar levels of PAR, and prevent position ef-
fects.

The total alkalinity (AT) of the seawater in ambient and elevated
pCO2 aquarium was measured every 2 days during the pCO2 exposure
and relaxation phases using potentiometric titration (Dickson et al.,
2007). The accuracy (deviation from the certified value of reference
material) and precision (the SD between duplicated measurements) of
the titrations were evaluated by processing certified reference material
(batch 158 from A. Dickson Laboratory, Scripps Institute of Oceano-
graphy). The accuracy and precision of our measurements were 4.9 and
1.9 μmol kg−1 (n=6), respectively. Salinity of the seawater was mea-
sured using a conductivity meter (Thermo Scientific Orion A212). The
carbonate chemistry parameters of the seawater in the treatment
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aquarium were calculated from temperature, pHT, AT, and salinity
using the Seacarb package (Lavigne and Gattuso, 2013) in R software.
Carbonic acid dissociation constants of Lueker et al. (2000), the K2SO4
concentration for the bisulfate ion from Dickson (1990), and the Kf
constant of Perez and Fraga (1987) were used to calculate carbonate
chemistry parameters.

2.3. Experimental approach

2.3.1. Overview
To test the hypothesis that depressed calcification due to elevated

pCO2 is relaxed when corals are placed into ambient pCO2 seawater, an
experiment was designed in three phases: Phase 1 allowed adjustment
of freshly-collected corals to laboratory conditions (“laboratory ad-
justment”), Phase 2 exposed lab-adjusted corals to pCO2 treatments
(“pCO2 exposure”), and Phase 3 exposed pCO2-treated corals to ambient
pCO2 (“relaxation”) (Fig. 1). Acropora retusa was used for all experi-
ments, as acroporids were relatively abundant (i.e., ~5% cover of stony
corals in 2018) on the fore reef (< 10-m depth) on the north shore of
Mo'orea, French Polynesia (17° 28′ 53.9004" S, 149° 49′ 50.5992" W),
where this study was conducted in 2018 (Edmunds, 2018). Moreover,
calcification for acroporids in Mo'orea is more sensitive to elevated
pCO2 than for other coral genera (Comeau et al., 2013, 2014), which
increased the likelihood of detecting a negative response during the
high-pCO2 treatment phase. Such sensitivity was required to test for
relaxation of the elevated pCO2 treatment effect following a return to
ambient pCO2, testing for which was the objective of this study.

2.3.2. Laboratory adjustment phase
During the laboratory adjustment phase, corals freshly collected

from the field were placed in a single aquarium exposed to laboratory
conditions of seawater flow, light, and temperature over 8 days. Net
calcification and photosynthesis of all coral branches was measured
under ambient pCO2, which corresponded to the present day atmo-
spheric concentration (~400 μatm). Details of net calcification and
photosynthesis measurements are described in Section 2.4.

2.3.3. pCO2 exposure phase
In the pCO2 exposure phase, lab-adjusted corals were exposed to

ambient and elevated pCO2 to test for an effect of elevated pCO2 on
calcification. During this phase, net calcification and photosynthesis
was measured under ambient and elevated pCO2 following a 19-day
exposure to the treatments. Elevated pCO2 (~1000 μatm) corresponded
to the conditions expected by the end of the 21st Century under RCP 8.5

(IPCC, 2014). Net calcification under ambient and elevated pCO2 was
measured using two techniques that provided different temporal re-
solution (described below in Sections 2.4.1 and 2.4.2) in resolving
calcification dynamics following cessation of pCO2 treatments. Net
photosynthesis also was measured concurrently with net calcification to
gain insight into the possibility that variation in net calcification was
functionally associated with net photosynthesis. For example, photo-
synthetically fixed carbon from dinoflagellate symbionts may be used to
enhance calcification by their host coral (Allemand et al., 2011). Net
photosynthesis measurements are described below in Section 2.4.3.

The pCO2 exposure phase was conducted in two aquaria (each
150 L), with half of the coral branches allocated to each of the ambient
pCO2 (~400 μatm) and the elevated pCO2 (~1000 μatm) aquaria
(n=10 corals treatment−1). Elevated pCO2 was created by bubbling
CO2 gas into one of the aquarium, with the flow of CO2 adjusted with a
digital controller (Apex, Neptune Systems, USA) that regulated sea-
water pH using a solenoid supplying CO2 gas to the aquarium. The
regulation system was adjusted to ensure that the pH stat technique was
associated with an oscillation in pHT of only ~0.2 (~60 μatm pCO2)
over 4–5min. An ecologically relevant diurnal cycle in seawater pH was
not created as our study was designed to understand the effects of
longer-term exposure of pCO2 on coral calcification. Seawater pH (total
scale; pHT) in the aquaria was measured several times each day using a
portable pH meter (Orion 3-star, Thermo Scientific, USA) fitted with a
pH probe (Mettler, Mettler-Toledo, USA) that was calibrated using Tris/
HCl buffers (Dickson et al., 2007). Accuracy was evaluated by mea-
suring seawater pH spectrophotometrically on three occasions using m-
cresol dye (Standard operating procedure 6b, Dickson et al., 2007). pH
measured spectrophotometrically differed ≤0.03 units from the pH
measured with the pH probe, which indicated that routine measure-
ments with the pH probe provided an accuracy sufficient for the phy-
siological experiment we wished to conduct. The ambient pCO2 treat-
ment contained seawater (with a natural pCO2 of ~435 μatm) freshly
pumped from Cook's Bay, as described above. Ambient air was bubbled
into both aquaria.

2.3.4. Relaxation phase
After 19 days of corals being exposed to ambient or elevated pCO2,

the relaxation phase was initiated when corals from both treatments
were transferred to a single aquarium under ambient pCO2 seawater
conditions for 11 days. During the relaxation phase, net calcification of
coral branches previously exposed to ambient and elevated pCO2 was
measured using two techniques that provided different temporal re-
solution (described below in 2.4.1 and 2.4.2). Net photosynthesis was

Fig. 1. Schematic representation of the experimental
design with shading distinguishing the three phases
of the experiment extending along a chronology of:
(1) -8 to 0 days, the laboratory adjustment phase, 2)
0–20 days, the pCO2 exposure phase, and 3) 21–31
days, the relaxation phase. Ambient and elevated
pCO2 aquaria are shown by solid and dashed rec-
tangular outlines, respectively. The timing of long-
term integrated calcification (GBW), short-term cal-
cification (GTA), and net photosynthesis (Pnet) mea-
surements are indicated along the abscissa.
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also measured concurrently with net calcification.

2.4. Response parameters

2.4.1. Integrated net calcification
Net calcification over a time scale of weeks was measured using

buoyant weighing (hereafter GBW) (Spencer Davies, 1989), which in-
tegrates calcification that is completed in the day and night (Schoepf
et al., 2017). GBW of coral branches (n=10 corals treatment−1) during
the pCO2 exposure and relaxation phases of the experiment were
compared to evaluate whether depressed calcification in corals exposed
to elevated pCO2 subsequently increased when corals were returned to
ambient pCO2 (Fig. 1). The differences in buoyant weight were con-
verted to dry weight of coral skeleton using the density of aragonite
(2.93 g cm−3), and dry weight was standardized to the surface area of
live tissue by wax dipping (Stimson and Kinzie, 1991) after completing
the relaxation phase of the study. This approach assumes that growth
over the short experiment did not appreciably contribute to coral area.
Finally, dry weights were standardized by time (i.e., 1 day) to estimate
net calcification (mg CaCO3 cm−2 day−1).

2.4.2. Short-term net calcification
Net calcification (G) was measured using two techniques that dif-

fered in temporal resolution to better describe patterns of calcification
emerging following the elevated pCO2 exposure phase. The total alka-
linity (AT) anomaly method (after Smith, 1973) was used to measure
short-term net calcification over ~1 h in the light (hereafter GTA) for a
subset of the coral branches exposed to ambient and elevated pCO2
(n=7 treatment−1) (Fig. 1). The AT anomaly method has the resolu-
tion to measure calcification occurring over minutes-to-days, at least
when the incubation volumes are relatively small, and the coral bio-
mass is relatively large (Gattuso et al., 1996; Shaw et al., 2015). Insights
into calcification (or dissolution) in the dark were obtained by com-
bining measurements of short-term calcification in the light with tem-
porally integrated (i.e., light and dark) calcification. The AT anomaly
method was first employed during the laboratory adjustment phase to
test for similarity of calcification among the corals prior to exposure to
ambient and elevated pCO2. During the pCO2 exposure phase, GTA was
measured after 19 days to test for the effects of pCO2 on calcification.
Finally, during the relaxation phase, GTA was measured after 6 and
11 days after corals from both pCO2 treatments had been returned to
ambient pCO2 (Fig. 1).

GTA was measured by incubating coral branches in a sealed 0.24-L
acrylic chamber that was surrounded by a water jacket to maintain
temperatures close to experimental conditions (~29.0 °C). The chamber
was fitted with a stir bar to create flow (~7.5 cm s−1), which was
measured in a separate trial from the mean time required for neutral
density particles (hydrated brine shrimp eggs) to complete one re-
volution around the perimeter of the chamber. The filtered seawater
(45 μm) in each chamber was obtained from the respective treatments
for each sampled coral, and the incubations lasted ~1 h. GTA was
measured using Eq. (1) (after Smith, 1973):

=G
A V

t
0.5

SATA
T

(1)

where ΔAT is the change in total alkalinity (μmol kg−1), V is the volume
of seawater in the acrylic chamber (L), ρ is the density of the seawater
(kg L−1), Δt is the time interval of the incubations (h), and SA is the
surface area of live coral tissue (cm2). AT of incubated seawater was
calculated using the Seacarb package (Lavigne and Gattuso, 2013) in R
software after performing potentiometric titrations. The potentiometric
titrations provided for calculation of AT (Dickson et al., 2007). If ti-
trations for TA analysis were not performed immediately after col-
lecting the seawater samples, they were sealed with parafilm in glass
bottles and placed into darkness at 4 °C to minimize evaporation and
biological activity. Samples were returned to room temperature prior to

completing titrations, and all analyses were completed within one day
of collecting the samples. The volume of seawater in each acrylic
chamber used for coral incubations was calculated by subtracting the
estimated volume of each coral, stir bar, and coral stand from the total
chamber volume. GTA was standardized to the surface area of live tissue
as described above, and to 12 h of daylight (i.e., daylight hours, “DH”)
when the majority of daily calcification occurs (reviewed by Gattuso
et al., 1999) (mg CaCO3 cm−2 DH−1). Logistical constraints necessi-
tated measuring GTA under daytime PAR levels during night time hours
(i.e., ~18:00–06:00 h). During evenings when incubations were per-
formed, aquaria lights were left at full intensity so that corals would not
undergo a dark-to-light adjustment as they were moved from aquaria to
incubation chambers. The mean (± SE) irradiance of the bottom of the
incubation chambers used was 643 (± 6.3) μmol quanta m−2 s−1.
Control incubations were completed in identical ways as coral in-
cubations, except that the chambers contained only seawater.

2.4.3. Net photosynthesis
Net photosynthesis (Pnet) was measured concurrently with GTA

(Fig. 1) by recording changes in O2 concentration of seawater in the
sealed incubation chambers every minute. O2 concentration was mea-
sured using oxygen probes (Foxy-R, Ocean Optics) that were connected
to spectrophotometers (USB2000, Ocean Optics) and operated using the
manufacturers software (OOISensors ver. 1.00.08, Ocean Optics).
Probes were calibrated to 100% air saturated water (O2 saturated) and
0% O2 obtained with a chemical zero (0.01M sodium tetraborate and
sodium sulphite). Pnet was calculated as:

=P m V S m V S( )
100

( )
100

A
A

C
Cnet O OA C2 2 (2)

where mA is the rate of change of O2 saturation values for incubation
chambers that contained corals (%O2 hr−1), mC is the rate of change of
O2 saturation values for incubation chambers that did not contain
corals (%O2 hr−1), VA is the volume of seawater in the experimental
acrylic chamber (L) (i.e., contained corals) (seawater volume was cal-
culated by subtracting the estimated volume of each coral, stir bar, and
coral stand from the total chamber volume), VC is the volume of sea-
water in the control acrylic chamber (L) (i.e., without corals) (seawater
volume was calculated by subtracting the volume of stir bar and coral
stand from the total chamber volume) and SO2A and SO2C are the tabu-
lated values of O2 solubility (N. Ramsing and J. Gundersen at Unisense,
Aarhus, Denmark, based on Garcia and Gordon, 1992) that correspond
to measured seawater temperature and salinity within experimental
and control chambers, respectively (μmol O2 L−1). Pnet was normalized
to the area of each coral branch, as determined by wax dipping
(Stimson and Kinzie, 1991), and to 12 DH (μmol O2 cm−2 DH−1).

2.5. Analyses

A one-way analysis of variance (ANOVA) was used to test for var-
iation in mean seawater pCO2 among treatments. A t-test was used to
test for differences in short-term calcification (GTA) between treatments
following the laboratory adjustment phase, and before corals were
placed into pCO2 conditions. This analysis tested for intrinsic differ-
ences in calcification among corals prior to initiation of the treatments.

To evaluate whether corals exposed to elevated pCO2 exhibited
depressed calcification rates compared to corals that were not exposed
to elevated pCO2, integrated calcification (GBW) was first compared
between pCO2 treatments at the end of pCO2 exposure phase using a t-
test. GBW of corals was analyzed using a 2-way, repeated measure (RM)
ANOVA in which pCO2 treatment (ambient vs. elevated) was a between-
subject fixed effect, and time (throughout pCO2 exposure and relaxation
phases) was the RM effect.

GTA was also analyzed using a 2-way RM ANOVA using the same
factors listed above, modified through the addition of levels to the RM
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factor (4 time periods throughout Phases 1–3). To test for the effect of
pCO2 on Pnet, a 2-way RM ANOVA was used in which pCO2 treatment
(ambient vs. elevated) was a between-subject effect, and time (4 time
periods during phases 1–3) was the RM effect. To resolve the effects of
pCO2 exposure history on calcification and Pnet, planned comparisons
using a paired t-test (Quinn and Keough, 2011) were conducted.
Treatment levels were contrasted across the four incubations that oc-
curred during the lab adjustment, pCO2 exposure, and relaxation phases
of the experiment using GTA and Pnet as response variables. If the main
effect of time significantly affected mean GTA or Pnet, paired t-tests were
planned to orthogonally test for differences in the response variables
between all combinations of time periods when incubations were per-
formed (6 combinations) (Quinn and Keough, 2011).

Although coral branches within a single aquarium during the three
phases of the experiment were pseudoreplicated (sensu Hurlbert, 1984),
the potential biases associated with this effect were reduced by the
large volume of the aquaria (~150 and 1000 L), the constant flow
(~150mL min−1) of fresh seawater into the aquaria, and the relatively
small biomass of the corals (~5 mg cm−2 for Acropora pulchra [from
Comeau et al., 2013]). Based on the rationale that the branches effec-
tively were independent of one another in each aquarium, the coral
branches were treated as statistical replicates.

The statistical assumptions of normality and equality of variances
required for ANOVA were tested through graphical analyses of re-
siduals, and an alpha value of< 0.05 was considered statistically sig-
nificant. In the case of the six planned comparisons, a Bonferroni cor-
rection was made to downwardly adjust alpha to 0.008 (Quinn and
Keough, 2011). All analyses were performed using the nlme package
(Pinheiro et al., 2018) running in R software (R Foundation for Statis-
tical Computing).

3. Results

Two corals exposed to ambient pCO2 were dropped from the ana-
lyses of GBW because they bleached, and GTA was measured using 6
coral branches treatment−1 during the last day of incubations (day 31
of the experiment). All other coral branches retained pigmentation si-
milar to that observed in the field, and exhibited polyp expansion
throughout the incubation periods.

3.1. Physical and chemical parameters

The physical and chemical conditions of seawater in the 150-L
aquaria in which pCO2 treatments were maintained are reported in
Table 1. During the pCO2 exposure phase, the treatments contrasted
mean (± SE) pCO2 values of 476 ± 7 μatm (n=19) and 1086 ± 15
μatm (n=19), and in the 1000-L aquaria used during the relaxation
phase, the mean pCO2 was 435 ± 12 μatm (n=5). pCO2 differed
among aquaria (F2,40= 867.13, p< .01), and was higher in the ele-
vated versus the ambient pCO2 aquaria in the pCO2 exposure and re-
laxation phases (Tukey HSD, p < .01). The two ambient pCO2 aquaria
used in the pCO2 exposure and relaxation phases were not significantly
different from one another (Tukey HSD, p= .22).

3.2. Calcification

Short-term calcification (GTA) of A. retusa in the ambient and ele-
vated pCO2 groups was statistically similar during the laboratory ad-
justment phase prior to allocating them to pCO2 treatments (2-sample t-
test, t16= 0.001, p= .99).

3.2.1. Integrated net calcification
Elevated pCO2 negatively affected GBW during the pCO2 exposure

phase (t16= 2.36, p= .03). After 19 days, GBW of corals exposed to
elevated pCO2 was depressed by 31% (elevated pCO2 treated corals:
0.40 ± 0.04mg CaCO3 cm−2 day−1; ambient pCO2 treated corals:
0.57 ± 0.06mg CaCO3 cm−2 day−1) (mean ± SE) (Fig. 2a). After
31 days, GBW was significantly affected by time (pCO2 exposure versus
relaxation phases: F1,16= 35.90, p < .01), but not pCO2 (ambient
versus elevated: F1,16= 2.01, p= .18), or the interaction between time
and pCO2 (F1,16= 1.65, p= .22). Overall, mean GBW was higher during
the relaxation phase compared to the pCO2 exposure phase
(0.70 ± 0.06mg CaCO3 cm−2 day−1 vs. 0.47 ± 0.04mg CaCO3
cm−2 day−1, respectively) (mean ± SE) (Fig. 2a). GBW of corals in the
elevated pCO2 treatment increased by 0.27 ± 0.03mg CaCO3
cm−2 day−1 compared to 0.17 ± 0.08mg CaCO3 cm−2 day−1 for
corals in the ambient pCO2 treatment, but this effect was not significant
(time × pCO2: F1,16= 1.65, p= .22) (Fig. 2a).

3.2.2. Short-term net calcification
Over the course of the experiment, GTA was significantly affected by

time (F1,38= 7.89, p= .01), but not pCO2 (F1,12= 0.17, p= .68), or
the interaction between the two (F1,38= 0.96, p= .33) (Fig. 2b). For a
complete list of pairwise comparisons of GTA among the pCO2 exposure
and relaxation phases see Table 2.

3.3. Net photosynthesis

Across all four sampling periods, RM ANOVA indicated that Pnet was
not affected by time (F1,38= 1.92, p= .17), pCO2 (F1,12= 1.58,
p= .23), or the interaction between the two (F1,38= 2.26, p= .14).
However, graphical exploration of Pnet over the course of the experi-
ment (Fig. 2b) indicated that after exposing corals to elevated pCO2 for
19 days, mean Pnet was 34% greater than in corals exposed to ambient
pCO2 for the same duration. A paired t-test revealed this difference was
significant (t12= 4.26, p < .01), but planned comparisons between
pCO2 treatments during other phases of the experiment were not sig-
nificant (laboratory adjustment phase day −1: t12= 0.90, p= .39; re-
laxation phase day 26: t12= 0.54, p= .60; relaxation phase day 31:
t10= 1.37, p= .20) (Fig. 2b).

4. Discussion

A month-long study was conducted to test for interactive effects
between pCO2 treatment (i.e., present vs. predicted future: ~400 vs.
~1000 μatm), and pCO2-exposure history on net calcification of a tro-
pical scleractinian. As expected from the generalized inhibition of coral
calcification by high pCO2 (Erez et al., 2011; Chan and Connolly, 2013;

Table 1
Seawater carbonate chemistry in the aquaria employed in two of the pCO2 exposure and the relaxation phases (Fig. 1) of the experiment. Carbonate chemistry was
not measured during the laboratory adjustment phase. All values were discrete measurements, or were calculated from discrete measurements. Set points of the
aquarium regulation system were adjusted several times daily to minimize temporal variation. The values reported are mean ± standard error (SE).

pCO2 Treatment Phase n pCO2 (μatm)⁎ AT (μmol kg−1 SW)⁎⁎ pHT⁎⁎ Ωarag⁎ Temperature (°C)⁎⁎ Light (μmol quanta m−2 s−1)⁎⁎

Ambient pCO2 exposure 19 476 ± 7 2296 ± 6 7.98 ± 0.01 3.44 ± 0.03 29.1 ± 0.1 621 ± 6
Elevated pCO2 exposure 19 1086 ± 15 2286 ± 4 7.67 ± 0.01 1.90 ± 0.02 29.0 ± 0.1 612 ± 8
Ambient relaxation 5 435 ± 12 2355 ± 3 8.02 ± 0.01 3.79 ± 0.07 29.1 ± 0.1 656 ± 6

⁎ Calculated using the Seacarb package (Lavigne and Gattuso, 2013) in R software.
⁎⁎ Directly measured.
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Kornder et al., 2018), Acropora retusa exposed to elevated pCO2 ex-
hibited integrated net calcification (GBW) that was reduced by ~31%
compared to corals retained in ambient pCO2. This effect was not evi-
dent in hour long records of calcification (i.e., GTA) measured in day-
light, which suggests that the depression of GBW was an emergent
property associated with the duration of exposure to high pCO2. During
the relaxation phase of the present experiment, the depression of GBW
by elevated pCO2 that was recorded during the pCO2 exposure phase,
was reduced. As a result, within 11 days the GBW of corals previously
retained under elevated pCO2 was statistically indistinguishable from
the GBW of corals previously retained under ambient pCO2. Evidence
here of quick relaxation of pCO2-depressed GBW in A. retusa indicates
that at least some corals are capable of a fully reversible plastic re-
sponse (sensuLiew et al., 2018) of net calcification to elevated pCO2
over short periods (i.e., ≤ 19 days).

In the present study, two techniques for measuring coral calcifica-
tion were employed to resolve treatment effects on two temporal scales.
Buoyant weighing (BW) resolved changes in aragonite mass over weeks,
and integrated the effects of light and dark calcification (Spencer
Davies, 1989; Schoepf et al., 2017), as well as skeletal dissolution that is
expected to be greatest in the dark (Yates and Halley, 2006; Silverman
et al., 2007). The total alkalinity (AT) method (Smith and Key, 1975)

resolved changes in net calcification over hours and, therefore, cap-
tured fine-scale effects attributed to the light regime. By focusing on
calcification in daylight, the AT method provided insight into the pro-
cesses potentially occurring in the dark (i.e., dissolution) that were
captured through the temporal integration inherent in the BW ap-
proach. After scaling GTA from the ~1 h over which measurements were
recorded, to 12 daylight hours of a 24-hour day, the difference between
24 h-GBW and 12 h-GTA yield estimates of nighttime net calcification
(Schoepf et al., 2017). When this approach was applied to the 19-day
pCO2 exposure phase of the present study, 24 h-GBW was ~69% lower
than 12 h-GTA. It is reasonable to suspect that the observed difference
between the two calcification measurements may have been caused by
the incorporation of nighttime dissolution into values of GBW, and be-
cause GTA was measured under maximum daily irradiance which would
promote calcification (Allemand et al., 2011). Similarly, calcification of
a coral community constructed in aquaria was reduced by ~100% at
night when a pCO2 treatment equivalent to future levels predicted by
RCP scenario 8.5 (i.e., ~1000 μatm) was implemented compared to
current levels of pCO2 (i.e., ~400 μatm) (Dove et al., 2013). Ad-
ditionally, corals that were exposed to elevated pCO2 may have ad-
justed calcification rates throughout the pCO2 exposure phase to ame-
liorate the negative effects of OA. This effect could have resulted in a
mismatch between instantaneous calcification (GTA) observed at the
end of the experiment and integrated calcification (GBW) observed or
the entire experiment.

This study was performed to better understand how calcification of
corals living under naturally oscillating pCO2 regimes will be affected
by future OA. Previous studies of the effects of high pCO2 on corals
(Marubini and Atkinson, 1999; Leclercq et al., 2002; Anthony et al.,
2008; Ries et al., 2009a), including those conducted with Acropora in
Mo'orea (Comeau et al., 2013; Comeau et al., 2016), show that calci-
fication of corals exposed to ≥1000 μatm pCO2 typically are depressed
compared to corals exposed to ambient pCO2 (i.e., ~400 μatm). The
rapid relaxation of depressed calcification following cessation of ele-
vated pCO2 in the present study suggests that calcification of tropical

Fig. 2. Calcification and photosynthesis of Acropora retusa exposed to the experimental design shown in Fig. 1. (A) Integrated net calcification (GBW) (mean ± SE mg
CaCO3 cm−2 day−1) over time (n= 8 and n=10 coral branches exposed to ambient and elevated pCO2, respectively). As revealed by the repeated measures ANOVA,
a significant difference in GBW between the pCO2 exposure and relaxation phases is indicated with an asterisk (P < .01). (B) Short-term (~1 h) calcification (GTA)
standardized to 12 daylight hours (i.e., DH) and net photosynthesis (Pnet) (mean ± SE) over the full experiment lasting 32 days (n=7 corals treatment−1 for day
−1, 19, and 26, and n=6 corals treatment−1 for day 31). Differing letters denote significant differences among experimental phases, and asterisks denote significant
differences between calcification or photosynthesis within a phase (p < .01) revealed on day 19 of the pCO2 exposure phase.

Table 2
Pairwise comparison of mean GTA between phases 1 (lab adjustment: day −1),
2 (pCO2 exposure: day 19), and 3 (relaxation: days 26 and 31), as outlined in
Fig. 1. Significant p-values (Bonferroni adjusted alpha< .008) are indicated by
an asterisk.

Days compared ∆ mean df t p

Days −1 and 19 −0.74 11 4.44 .001*
Days −1 and 26 −0.63 11 4.43 .001*
Days −1 and 31 −0.64 11 3.41 .006*
Days 19 and 26 0.10 11 0.71 .483
Days 19 and 31 0.10 11 0.47 .643
Days 26 and 31 −0.01 11 0.05 .955
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corals may positively track oscillations of pCO2 that are super-imposed
on long-term trends of increasing atmospheric pCO2 caused by an-
thropogenic activities. The sum of the integrated effect of varying pCO2
on coral calcification could potentially reduce the effects of a con-
sistently high pCO2 regime, which are frequently observed to be ne-
gative for calcifying taxa (Ries et al., 2009b; Kroeker et al., 2013).

Net photosynthesis (Pnet) was measured to explore potential me-
chanisms underlying variation in GTA and GBW between treatments,
notably with respect to how they might be mediated by the supply of
photosynthetically-fixed carbon. Calcification in symbiotic corals is
stimulated by light (Allemand et al., 2011), and this effect is thought to
arise from multiple pathways, a number of which are likely associated
with production of oxygen through photosynthesis by the dinoflagellate
symbionts. Such photosynthesis could promote calcification by sup-
porting the translocation of carbon to the animal host, which then can
be included in the organic matrix that facilitates calcification
(Allemand et al., 2011; Tambutté et al., 2011), or might be used as a
respiratory substrate fueling the production of ATP to meet the meta-
bolic costs of calcification (Allemand et al., 2011; Frieder et al., 2016).
Through the uptake of intracellular CO2 by photosynthesis, symbiotic
dinoflagellates might also be able to modify the pH in the sub-calico-
blastic space, thus accelerating calcification (Allemand et al., 2011).

In this present study, mean Pnet measured over ~1 h was 34%
higher in corals exposed to elevated versus ambient pCO2 at the end of
the pCO2 exposure phase, and it was similar between the treatment
groups during the other phases of the experiment. As indicated by
higher rates of Pnet observed in corals exposed to elevated pCO2 during
the pCO2 exposure phase, this effect raises the possibility that surplus
carbon available to corals accelerated short-term, daylight calcification
(i.e., GTA) under elevated pCO2. Since the mechanisms causing Pnet to
vary over time in corals exposed to ambient pCO2 are unknown, it is
premature in this study to speculate about functional connections be-
tween Pnet and calcification.

4.1. Ecological significance

There is great interest in the possibility that scleractinian corals
might be able to reduce their sensitivity to elevated pCO2 through
phenotypic adjustments within a generation (i.e., acclimatization)
(Crook et al., 2013; Putnam et al., 2016; Eirin-Lopez and Putnam,
2019), or among generations through adaptation (Liew et al., 2018).
Corals have the mechanisms necessary to acclimate (sensuEdmunds and
Gates, 2008) and adapt to OA (Liew et al., 2018), as well as other en-
vironmental challenges (Edmunds and Gates, 2008; Torda et al., 2017).
However, it is unclear whether those mechanisms will support ecolo-
gically meaningful reductions in the negative implications of climate
change and OA for reef corals. Ultimately, the persistence of corals, and
other organisms, through those challenges may rely not only on their
ability to respond, but also the rate at which they are able to respond, to
their rapidly changing environment (Bell, 2013).

The present study tested for biological implications of a single os-
cillation in seawater pCO2 that are similar to those occurring in several
coastal ecosystems (Hofmann et al., 2011; Duarte et al., 2013; Guadayol
et al., 2014; Page et al., 2018; Silbiger and Sorte, 2018). Our month-
long experiment specifically evaluated whether prior exposure to stable
elevated pCO2 has carry-over effects that modulate the subsequent re-
sponse of coral calcification to ambient pCO2. While marine organisms
are confronted by long-term (i.e., years to decades) trends of rising
seawater pCO2 due to OA (Orr et al., 2005; Hoegh-Guldberg et al.,
2007), their response to these conditions may, in part, depend on how
they respond to periods of declining pCO2 that reflect natural oscilla-
tions in this variable that occur on scales of days to months (Kayanne
et al., 2005; Hoffman et al., 2011). Furthermore, the long-term rise in
seawater pCO2 will not occur independent of variation in other phy-
sical, chemical, and biological conditions in seawater. Understanding,
for example, how natural pCO2 oscillations interact with ocean

warming, as well as OA, will be important in characterizing the long-
term response of corals to a diversity of local and global stressors. The
interaction between zooplankton abundance and OA may also be im-
portant in understanding the trajectory of coral populations into the
future, because heterotrophy through zooplanktivory by corals can
ameliorate some of the negative effects of OA (Edmunds, 2011; Towle
et al., 2015). Consideration of the effects of the magnitude and duration
of prior pCO2 exposures on calcification of tropical corals are needed to
more accurately project the summed effects of coral calcification (i.e.,
net reef accretion) into the future.
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