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ABSTRACT: Fragments of 2 coral species (Acropora nasuta and Pocillopora damicornis), collected
from the South China Sea, were incubated for 94 d under controlled conditions of pCO2 = 389, 700,
and 1214 µatm. Our incubation experiments showed that the net calcification rate of A. nasuta
responded negatively to elevated pCO2 in both short and mid-term incubations. In contrast, the
net calcification rate of P. damicornis increased under elevated pCO2 during the first 17 d, but
then returned to background rates. Based on previous models, our modified models showed that
the different responses of these 2 coral species depended on the dissolved inorganic carbon (DIC)
and pH levels in coral calcifying fluid. In the studied models, the positive responses of coral calcification to higher pCO2 could be explained by either low DIC due to a higher photosynthesis rate
or a stronger H+ pump. If DIC in calcifying fluid is greatly reduced by photosynthesis, the decreased DIC in calcifying fluid may be benefited by enhanced external seawater CO2, which will
partially offset the dissolution due to ocean acidification. Therefore, in addition to our experimental results, our model provides a theoretical basis showing how coral may respond negatively and
positively to ocean acidification.
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In the past several decades, human activities, especially the combustion of fossil fuels, have dramatically
increased atmospheric pCO2 (IPCC 2007). About
30% of the anthropogenic CO2 released annually is
absorbed by the ocean (Feely et al. 2004). This absorption leads to ocean acidification and a decrease in
ocean pH, with accompanying declines in carbonate
ion (CO32−) concentration and aragonite saturation
state (ΩA) (Kleypas et al. 2006, Hoegh-Guldberg et al.
2007). Since coral calcification is believed to be
largely controlled by the degree of ΩA, elevated pCO2

will significantly decrease the coral net calcification
rate (Langdon & Atkinson 2005, Kleypas et al. 2006,
Cohen & Holcomb 2009). Hence, there have been
widespread concerns about the future of our oceans in
a high-CO2 world (Hoegh-Guldberg et al. 2007), including the likelihood of coral reef decline.
There have been a number of field and laboratory
experiments investigating the impact of ocean acidification on coral calcification rates, but our understanding of the effect of elevated pCO2 on calcification is still relatively limited (Langdon & Atkinson
2005, Kleypas & Yates 2009). Some studies have
revealed that marine calcifiers exhibit a broad spec-
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Fig. 1. Schematic representation of 2 scenarios for dissolved inorganic carbon (DIC) in calcifying fluid. (A) Scenario 1: DIC in
calcifying fluid is equal to that in the seawater; (B) Scenario 2: DIC and pH in calcifying fluid are modified by coral photosynthesis and respiration. There are 3 possible pathways by which elevated CO2 can affect coral calcification: (1) directly increase DIC in calcifying fluid by enhancing CO2 diffusion; (2) regulating coral photosynthesis and respiration; and (3) regulating H+ flux between the external seawater and the calcifying fluid. Zoo: zooxanthella; ATPases: ion pumping enzymes

trum of calcification responses to CO2-induced ocean
acidification, including negative, threshold-negative,
neutral, threshold-positive, and parabolic responses
(Ries 2011, Wicks & Roberts 2012). The sensitivity to
increased CO2 differs substantially both within and
among species. However, there are relatively few
studies that compare and explore the contrasting
responses of calcification rates to CO2-induced ocean
acidification among different species. Hence, the
mechanisms behind the positive or negative effects
of ocean acidification on coral calcification are still
poorly understood.
There are several theories about biological control
of coral calcification. Ca2+ and inorganic carbon can
be delivered into the calcifying fluid located between
calicoblastic cells and the skeleton, and H+ can be
removed from the calcifying fluid (Fig. 1) (McConnaughey & Whelan 1997, Furla et al. 2000, AlHorani et al. 2003). In addition, CO2 is assumed to
freely diffuse from the seawater, the coelenteron,
and the calcifying fluid into the polyp tissue and out
again (Hohn & Merico 2012). A bicarbonate transporter (co-transport of HCO3− and H+) has been proposed by Furla et al. (2000) and appears to be responsible for active carbon uptake from the tissue into the
calcifying fluid. The pathway by which elevated CO2
affects calcification in calcifying fluid is still unclear.
Here, we suggest that there are at least 3 possible
pathways by which elevated CO2 can affect coral calcification (Fig. 1): (1) directly enhancing the dissolved inorganic carbon (DIC) concentration by diffusion of CO2 into calcifying fluid; (2) regulating coral
photosynthesis and respiration and thus indirectly

influencing DIC concentration in calcifying fluid; and
(3) regulating H+ flux from calcifying fluid (Ries 2011).
The effects of the second pathways seem to be variable among coral species, as elevated CO2 can result
in variable responses of coral photosynthesis, which
may depend on different phylotypes of Symbiodinium (Brading et al. 2011). Crawley et al. (2010) reported that elevated CO2 could induce a decrease in
zooxanthellae photorespiration and productivity, but
some other studies showed that there was no direct
effect of increased CO2 on the rates of coral or reef
community photosynthesis (Langdon et al. 2003,
Schneider & Erez 2006, Marubini et al. 2008). In
addition, the third pathway has been supported by
Ries (2011), who suggested that the coral removes
less H+ from its calcifying fluid under acidified conditions to maintain stable external:internal H+ ratios between the external seawater and the calcifying fluid.
Coral reefs in the South China Sea are widely distributed around many islands (e.g. Hainan, Weizhou,
Nansha, and Xisha Islands) and represent 5% of the
global coral reef area (Zhang 2007). A recent model
showed that coral calcification rates in the Nansha
Islands have declined by ~12% in the past 30 yr and
suggested that they will further decline by 26% and
33% in 2065 and 2100, respectively, relative to the
pre-industrial period (Zhang & Chen 2006). More
severely, coral abundance has declined by at least
80% over the past 30 yr on coastal fringing reefs
along the Chinese mainland and adjoining Hainan
Island (Hughes et al. 2012). If pH continues to decrease, serious impacts on the Sanya coral reef ecosystems of Hainan Island can be expected due to the
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Table 1. Values of pCO2, pH, temperature (T ), salinity, total alkalinity (TA),
combined effects of disparate anthrodissolved inorganic carbon (DIC), and aragonite saturation state (ΩA) during
pogenic factors, such as eutrophica94 d incubations. All values are means ± SD
tion, urbanization, marine aquaculture, and overfishing (Zhang 2012).
pCO2
pH
T
Salinity
TA
DIC
ΩA
The coral species Acropora and
(µatm)
(°C)
(µmol l−1) (µmol l−1)
Pocillopora are widespread throughout the tropical Indian, Pacific, and
389 ± 24 8.03 ± 0.14 27 ± 2 34 ± 0.02 2219 ± 26 1902 ± 32 3.4 ± 0.06
700 ± 75 7.82 ± 0.16 27 ± 2 34 ± 0.02 2225 ± 45 2021± 87 2.4 ± 0.08
western Atlantic Oceans (Wallace
1214
±102 7.61± 0.18 27 ± 2 34 ± 0.02 2224 ± 31 2110 ± 96 1.6 ± 0.10
1999, Manzello 2010) and are coexisting and dominant in Sanya Bay. Pocillopora damicornis is the most important reef builder
in the eastern tropical Pacific (Manzello 2010). In
2000 l
2000 l
2000 l
Seawater
Panamá, its linear extension declined significantly by
389 µatm
700 µatm
1214 µatm
nearly one-third from 1974 to 2006, partly due to
ocean acidification (Manzello 2010). However, the
90 l
90 l
90 l
90 l
90 l
90 l
effects of ocean acidification on Pacific Acropora
AN
AN
AN
AN
AN
AN
nasuta have not been studied yet. In the present study,
PD
PD
PD
PD
PD
PD
these 2 coral species were selected (1) to examine the
Fig. 2. Experimental design. Seawater from Sanya Bay was
impacts of CO2-induced ocean acidification on calcipumped through a pipeline into three 2000 l tanks. The natfication rates and (2) to investigate the effects of ocean
ural seawater enriched with different pCO2 levels was
acidification on calcification rates using a model of
redistributed into six 90 l glass aquaria from these three
calcification that incorporates the effects of photo2000 l tanks. Coral species Acropora nasuta (AN, n = 10 to
synthesis and respiration on calcifying fluid DIC.
12) and Pocillopora damicornis (PD, n = 5 to 8) were incubated in the same 90 l glass aquaria with replicates in 3
treatments of different pCO2 levels (389, 700, and 1214 µatm)

MATERIALS AND METHODS
Coral collection
Two coral species, Acropora nasuta and Pocillopora
damicornis, were collected near our field laboratory
from a reef in Sanya Bay (18.15° N, 109.30° E). The
mean annual sea surface temperature (SST) there is
27°C (20.5 to 30.9°C) (Li et al. 2008). These coral species were collected at depths of ~3 to 6 m in July 2010
and divided into 2 to 10 fragments. Epiphytes, associated fauna, and other detritus were carefully removed from all fragments. Each fragment was suspended in seawater and weighed (see ‘Buoyant
weight method’), and the initial weight of each coral
fragment ranged from 4 to 6 g.

Water supply and CO2 enrichment
The experiments were conducted outside the Tropical Marine Biological Research Laboratory in Sanya
Bay, Hainan Island. The laboratory was supplied with
running seawater drawn from a depth of 5 m in the
bay. Seawater was pumped through a pipeline with a
sand filter and distributed into three 2000 l tanks
(Fig. 2), through which seawater was bubbled with CO2
gas from a high-pressure CO2 cylinder. CO2 gas-flow

rates were regulated using high-precision pressure
gauges and valves (DC01-01, Dici) to achieve 3 targeted pH values (pHT = 8.03, 7.82, and 7.61) (Table 1).
These pH values correspond to the designated pCO2
levels (389, 700, and 1214 µatm) (Table 1) that were
projected for the pCO2 levels of the present, the end
of the present century, and next century. Then, a 2 × 3
experiment was set up using the 6 independent aquaria,
enriched with the natural seawater of 3 different
pCO2 levels (Fig. 2). A total of 5 to 12 coral fragments
of each species were suspended in each glass aquaria.
The inflow rates of seawater were adjusted to ~1.5 l
min−1, which resulted in a turnover time of ~1 h in
all aquaria. Stable pH conditions (replicates within
± 0.15 pH units) were achieved within ~2 d by adjusting CO2 and water flow rates. Since retaining the
natural diurnal variations in some parameters (e.g.
pH) was desired in the mesocosms, diurnal variations
in pH of ± 0.15 in all aquaria were allowed. The
ranges of pH values during the 94 d incubation are
presented in Table 1.

Coral culture
The coral fragments were allowed to acclimate for
2 to 3 wk in each fiberglass aquarium (90 l) before the
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start of the experiment. After this period, coral fragments were randomly assigned to 1 of the 3 treatments (at pCO2 levels of 389, 700, and 1214 µatm).
Coral fragments were attached to nylon strings and
suspended in these glass aquaria (90 l) for 110 d.
Buoyant weights were measured on Days 17 and 94
to calculate daily calcification rates (see ‘Buoyant
weight method’).
In addition to continuously renewing the water
with natural seawater, we cleaned each aquarium
every week to prevent the growth of fouling organisms and accumulation of detritus. Due to the continuous seawater renewal, all parameters (e.g. salinity,
temperature, irradiance, pH, and alkalinity) varied
with natural conditions in Sanya Bay. Since the sampled corals grew at ~20 to 60% of surface light in natural seawater at depths of 3 to 6 m, each aquarium
was covered with a neutral density filter to provide a
light field that was ~50% of the surface irradiance.

Analysis of PAR, salinity, and temperature
Photosynthetically active radiation (PAR) at the surface and the sampling depths was measured using a
quantum sensor (model LI-192 SA, LI-COR) and a
data logger (Li-1400, LI-COR). Salinity and temperature were measured using a conductivity probe
(Orion 013010MD) with precisions of ± 0.1 psu and
± 0.1°C (Table 1). Typical diurnal variations in PAR in
summer and autumn are shown in Fig. 3.

plus) at ~25°C following SOP 3b (Dickson et al. 2007).
The HCl titrant solution (0.1 M) was calibrated
against certified reference materials (Batch 101#)
from the laboratory of Dr. Andrew Dickson. Analysis
of duplicate samples suggested that our titration had
a precision of ± 2 µM.
The other carbonate system parameters, including
total DIC, pCO2, and the ΩA, were calculated using
the CO2SYS program (Lewis et al. 1998). Carbonate
dissociation constants K1 and K2 (Roy et al. 1993) and
the aragonite solubility product (Ksp) (Mucci 1983)
were used in our calculations. The ranges of DIC,
pCO2, and ΩA values during the 94 d incubation are
presented in Table 1.

Buoyant weight method
Calcification rates were measured using the buoyant weight technique (Spencer Davies 1989). An electronic balance (AUY220) with a precision of ±1 mg
was used to weigh corals with a hook at the bottom.
The fragments were carefully cleaned of epiphytes
and detritus before each measurement. In all treatments, each fragment was weighed at the beginning
as well as on Days 17 and 94. The net calcification
rates were estimated as the weight change between
the 2 times of weighing per initial weight per day
(Spencer Davies 1989).

Skeletal δ13C and δ18O analysis
After coral tissue was removed using an airbrush,
200 to 250 µg surface skeleton was powdered. Samples were acidified in dried concentrated phosphoric
acid (H3PO4). Surface skeletal δ13C and δ18O were
analyzed following standard procedures on a Finni-

Analysis of pH and alkalinity

-2 -1

PAR ( µmol quanta m s )

Variations in the pH in all aquaria were monitored
routinely every 3 to 24 h to ensure that pH was relatively constant in all aquaria (Table 1). Diurnal variations of pH and alkalinity in natural seawater
have been reported by Zhang et al. (2013). pH
4000
Day 17
was measured using a Ross semi-micro combiDay 94
nation pH glass electrode (Orion 8103BNUWP)
3000
that was calibrated using the buffer (a 2-amino2-hydroxymethyl-1,3-propanediol [Tris] buffer
2000
at salinity 35) as described in SOP 6a (Dickson
et al. 2007). The precision of the pH measure1000
ment was ± 0.005.
For total alkalinity (TA) measurements, seawater samples (250 ml) were poisoned with
0
6
8
10
12
14
16
18
20
50 µl of saturated HgCl2 and stored in BOD
Time
(h)
bottles in the dark at 4°C until analysis. They
were measured within 1 to 2 d using an autoFig. 3. Diurnal variations in photosynthetically active radiation (PAR),
measured above the experimental aquaria, on Days 17 (summer) and
mated titration system (Metrohm 877 Titrino
94 (autumn)
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gan MAT mass spectrometer in the East China Normal
University, and analytical precision and reproducibility were monitored using a laboratory working standard introduced in-between samples. The oxygen
and carbon isotope compositions are expressed as
δ13C and δ18O relative to the Vienna PDB standard.
The precision for oxygen and carbon isotopes was
better than 0.08 ‰ and 0.05 ‰, respectively.

Modeling
To understand the mechanisms of coral responses
to elevated pCO2 more fully, we modified the model
of Ries (2011) for 2 scenarios. In both scenarios, we
set temperature = 25°C, salinity = 34, external seawater alkalinity = 2200 µM, and atmospheric pressure = 1.015 atm.
Scenario 1: constant DIC. Scenario 1 showed how
ΩA in calcifying fluid responded to different levels of
pCO2, assuming that the calcifying fluid’s DIC was
equivalent to the DIC of the external seawater, as
was assumed by Ries (2011). TA at the site of calcification was calculated as the external seawater’s
alkalinity (2200 µmol l−1) plus the H+ concentrations
removed from the calcifying fluid, assuming H+
removal worked to maintain fixed external:internal
H+ ratios (e.g. 7:1, 45:1, 90:1, 200:1, and 300:1) (see
details in Ries 2011).

149

Scenario 2: varying DIC due to photosynthesis
and respiration. Calcifying fluid DIC is not necessarily equivalent to the DIC concentration in the external seawater, as it is possible that DIC is added to the
calcifying fluid via respiration or removed via photosynthesis. Hence, modeling Scenario 2 allowed us
to examine how ΩA in the calcifying fluid would
respond to different levels of net DIC deviation
(ΔDIC) in the coral’s coelenteron or adjacent surface
microenvironments under external pCO2 values of
389, 700, and 1214 µatm, with different H+ pumping
resulting in external:internal H+ ratios ([H+]E /[H+]I)
of 7:1 (weak pumping) or 100:1 (strong pumping).
Since coral photosynthesis and respiration varied
broadly (see ‘Discussion’), net ΔDIC values of
−2000 to 2000 µmol l−1 were used in our simulations.
Table 2 summarizes the carbonate system parameters used to calculate the pH and ΩA in the calcifying
fluid that vary with different levels of atmospheric
pCO2. Table 2 also shows an example of model calculation when the external:internal H+ ratio is 7:1.
Briefly, we assume ΔDIC is mainly caused by photosynthesis and respiration, and the small TA change
due to photosynthesis (Cai et al. 2011) is not included
in our model. Thus, the pH in coelenterons can be
calculated from DIC and TA. The pH in calcifying
fluid can be estimated from the TA based on a proposed external:internal H+ ratio and a DIC equal to
that in coral coelenterons. Finally, ΩA could be esti-

Table 2. Carbonate system constraints varying with different pCO2 levels of 389, 700, and 1214 µatm. The external:internal H+
ratio of 7:1 was selected as an example to show how these carbonate system constraints were calculated. (Note: only −1000,
−200, 200, and 1000 µmol l−1 ΔDIC are presented, although we assumed the range is −2000 to 2000 µmol l−1.) ΔDIC: net dissolved inorganic carbon (DIC) deviation due to photosynthesis and respiration; ΩA: saturation state of aragonite in calcifying
fluid, calculated based on DIC and pH. In the coelenteron, DIC is the DIC in ambient seawater + ΔDIC, which is the DIC concentration in coral coelenterons or adjacent surface microenvironments, and pH is the pH in coelenterons or adjacent surface
microenvironments, assuming that TA did not change due to photosynthesis and respiration. In the calcifying fluid, DIC was
assumed to come from DIC in coral coelenterons or adjacent surface microenvironments, and pH in the calcifying fluid was
calculated based on an external:internal H+ ratio of 7:1

pCO2

Ambient seawater
TA
pH

DIC

ΔDIC

Coelenteron
DIC

pH

Calcifying fluid (7:1)
DIC
pH
ΩA

389

2200

8.18

1904

−1000
−200
200
1000

904
1704
2104
2904

9.68
8.48
7.74
6.48

904
1704
2104
2904

10.53
9.32
8.59
7.33

13.9
17.4
8.3
0.8

700

2200

7.97

2013

−1000
−200
200
1000

1013
1813
2213
3013

9.46
8.32
7.42
6.42

1013
1813
2213
3013

10.31
9.17
8.27
7.27

15.5
18.3
6.3
1.0

1214

2200

7.53

2133

−1000
−200
200
1000

1133
1933
2333
3133

9.13
8.01
6.96
6.21

1133
1933
2333
3133

9.98
8.85
7.80
7.05

16.5
13.4
2.4
0.6
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mated similarly based on the calculated DIC and pH
in calcifying fluid.

Statistical analyses and calculations
To test the effects of pCO2 on coral calcification, a
partially nested ANOVA was used, in which pCO2
was a fixed effect and tank was a random effect
nested in pCO2. All data were normally distributed
according to plots of residuals versus predicted values for each variable or were transformed to meet the
condition of normality. The error bars for the bioassay represented a pooled sample standard deviation of the means. A significance level of p < 0.05 was
used to determine statistical differences. All statistical analyses were performed using the statistical
software SPSS (SPSS Inc.).

RESULTS
Effects of elevated pCO2 on coral calcification
After 110 d, there was 13% coral mortality in the
treatment with 1214 µatm pCO2 in Acropora nasuta,
while no coral mortality was observed in the other
treatments in both coral species. The buoyant weights
of 2 coral species increased with incubation time,
with net calcification rates ranging from 0.003 to
0.007% d−1 (Fig. 4A,B). No tank effects were observed (F = 0.13, df = 2, p = 0.88). The net calcification
rates of A. nasuta (0.006% d−1) were higher than
those of Pocillopora damicornis (0.004% d−1) in the
control group (Fig. 4C,D). The net calcification rates
of A. nasuta did not change significantly at 700 µatm
pCO2 (only a 3% increase) (F = 5.69, df = 2, p = 0.08)
but decreased by 18% at 1214 µatm pCO2 relative to
the control ( pCO2 = 389 µatm) during the first 17 d
(Fig. 4E). During the entire 94 d experiment, the net
calcification rates of A. nasuta decreased significantly relative to the control by 29% and 45% under
700 and 1214 µatm pCO2, respectively (F = 11.06, df
= 2, p = 0.002) (Fig. 4E). In contrast, the net calcification rates of P. damicornis increased by ~60% at both
700 and 1214 µatm pCO2 over the first 17 d, but over
the course of the entire experiment (94 d), the increase was only 20 and 12%, respectively (Fig. 4F).
When the short and mid-term responses were analyzed separately, these 2 coral species also showed
different responses to elevated pCO2. The negative
effect of elevated pCO2 on net calcification rates of
Acropora nasuta increased from 20% in Days 0 to 17

to 50% during the later stage of the incubation (i.e.
Days 17 to 94) (F = 7.06, df = 2, p = 0.04) (Fig. 4F). In
contrast, elevated pCO2 greatly increased the net calcification rates of Pocillopora damicornis by 60% in
Days 0 to 17 of the incubation (F = 6.86, df = 2, p =
0.05), but calcification under elevated pCO2 did not
significantly differ from the control during Days 17 to
94 of the incubation (F = 1.96, df = 2, p = 0. 45) (Fig. 4F).

Effects of elevated pCO2 on coral calcification and
skeletal stable isotopes (δ13C and δ18O)
Elevated pCO2 did not significantly alter the skeletal δ18O in Acropora nasuta (F = 1.05, df = 2, p = 0.25),
but skeletal δ18O increased in the pH 7.8 treatment
and decreased under pH 7.6 in Pocillopora damicornis, suggesting that δ18O-regulating mechanisms are
complicated. In contrast, δ13C decreased from −5 ‰ in
the control to −6.5 ‰ in the pH 7.6 and 7.8 treatments
of P. damicornis and decreased from −1 ‰ in the control to −4 ‰ in A. nasuta (Fig. 5). δ13C was higher in
P. damicornis than A. nasuta in all the treatments
(F = 8.06, df = 2, p = 0.02).
Compared to the study by McConnaughey (1989),
δ18O was more deficient in the skeleton of both coral
species, while δ13C was in the range of these historic
data (Fig. 5). The δ13C vs. δ18O relationship in both
Acropora nasuta and Pocillopora damicornis deviated from that in the non-photosynthetic coral Tubastrea sp. (Fig. 5).

DISCUSSION
Acidification effects on coral calcifications
In Sanya Bay, seawater ΩA was rarely <3.3 (Table 1),
and Zhang (2012) also showed that seawater ΩA in
Sanya Bay was > 2.5 all the year round. Coral reefs in
the modern ocean are believed to be restricted to
regions where ΩA exceeds 3.3 (Kleypas et al. 1999),
although cold-water corals can grow in waters with
an aragonite saturation close to 1 (Form & Riebesell
2012). The normal ΩA is predicted to drop down to 2.2
and 1.2 if atmospheric pCO2 increases to 700 and
1200 µatm respectively in Sanya Bay (Fig. 6). Hence,
it is reasonable to expect that elevated atmospheric
pCO2 at the end of this century (> 700 µatm) will
inhibit coral formation in Sanya Bay as carbonate
concentration and ΩA decrease (Fig. 6). In our study,
the 2 coral species exhibited distinctly different
responses to elevated pCO2, even though both were
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Fig. 4. Coral buoyant weights of 2 coral species: (A) Acropora nasuta and (B) Pocillopora damicornis; calcification rates of (C)
Acropora nasuta and (D) Pocillopora damicornis in responses to different pH (7.6, 7.8, and 8) when exposed to different pCO2
levels (389, 700, and 1214 µatm) over Days 0 to 17, 0 to 94, and 17 to 94; percentage change of calcification rates relative to the
control in (E) Acropora nasuta and (F) Pocillopora damicornis. Control is pH 8. Error bars: ± 1 SD

found in the same natural habitats and were cultured
under exactly the same conditions.
Acropora nasuta exhibited a decrease in net calcification rate due to elevated pCO2 during the 94 d incubation (Fig. 4C), which was consistent with findings
from previous laboratory and mesocosm experiments
showing decreases in calcification with elevated pCO2
in reef-building corals (Gattuso et al. 1999, Langdon &
Atkinson 2005, Marubini et al. 2008). In addition, the
negative effects of elevated pCO2 on net calcification
rates were more severe during the later incubation

period than the earlier portion (Fig. 4). In contrast, net
calcification rates of Pocillopora damicornis had a positive response to elevated CO2 exposure (Fig. 4C).
This is at odds with the general consensus that increased pCO2 reduces calcification in tropical corals
(Gattuso et al. 1999, Kleypas et al. 1999). There are
fewer studies reporting a positive relationship between pCO2 and coral calcification, especially in tropical water, although a study on cold-water coral Lophelia pertusa in temperate waters showed that
elevated pCO2 insignificantly increased coral calcifi-
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The same coral species, Pocillopora damicornis,
was also studied in Panamá by Manzello (2010) and
appeared to be susceptible to acidification, which is
contradictory to our results. However, the results
from Panamá were based on historical data collected
from in situ investigations from 1974 to 2006, which
employed different methods than those in our study.
Furthermore, the contradictory results may also be
due to different coral physiological status and environmental conditions. P. damicornis has been found
in some coastal waters influenced by riverine inputs
with relatively low pH and salinity conditions, such
as the coastal waters adjacent to the Pearl River estuary in the northern South China Sea. Notably, no
Acropora nasuta is present there (H. Huang unpubl.
data), although both of the species were present in
Sanya Bay. Although pH may be one of the factors
influencing coral distribution, it is problematic to
conclude that the different distribution of the 2 coral
species is directly due to pH variations as there are
other regulating factors on corals, such as food supply, temperature, and salinity. Nevertheless, it is possible that the different adaptation of coral species to
pH may result in a shift in coral communities in the
future, and the different sensitivities to accelerating
climate change will be a fundamental determinant of
coral reef community structure (Manzello 2010).
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Fig. 6. Modelling data: degree of CaCO3 saturation (ΩA) and
CO3− concentrations vary with different seawater pCO2
levels (360 to 1450 µatm)

cation (Form & Riebesell 2012). Wicks & Roberts (2012)
also concluded that the majority of calcification responses to ocean acidification are negative in benthic
invertebrates, with the changes in calcification rates
ranging from a 99% decline to a 400% increase from
a pH drop of 0.3 to 0.5 units. The positive response of
P. damicornis to elevated pCO2 was only significant
during Days 0 to 17 of the incubation, not during Days
17 to 94 (i.e. relatively long term) (Fig. 4C). This is
consistent with the finding that the upregulation of
calcification, potentially ameliorating some of the effects of increased acidity, comes at a substantial cost
and is therefore unlikely to be sustainable in the long
term (Wood et al. 2008). Our results emphasize the
need to consider the long-term effects of ocean acidification on organisms with long life-spans, such as corals.

Acidification effects on coral photosynthesis
In the present study, coral photosynthesis rate was
not directly measured. However, the regression of
δ13C vs. δ18O has proved to be an effective proxy of
the coral photosynthesis. McConnaughey (1989) suggested that photosynthesis could result in higher
skeletal δ13C for a given degree of 18O disequilibrium, and skeletal δ13C could be increased due to
coral photosynthesis. The earlier data from McConnaughey (1989) were included in Fig. 5, showing
that the relationship of δ13C vs. δ18O in our study was
quite different from the relation in non-photosynthetic coral (Tubastrea sp.) due to active photosynthesis. In addition, more δ13C deviation was observed in
Acropora nasuta than in Pocillopora damicornis, suggesting that photosynthesis was higher in A. nasuta.
In addition to photosynthesis, acidification may
also influence skeletal δ13C, since Fig. 5 showed that
δ13C decreased due to elevated CO2. A possible
explanation for the decrease of δ13C is the fact that
gaseous CO2 has a smaller fraction of 13C (more negative) than carbonate and bicarbonate in the seawater, and enhanced gaseous CO2 consequently
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resulted in a smaller fraction of 13C entering the coral
skeleton. Since skeletal δ13C would increase due to
coral photosynthesis (McConnaughey 1989), the
decreases in coral photosynthesis could also be a
possible explanation for the lower δ13C in the pH 7.6
and 7.8 treatments. Unfortunately, we cannot distinguish between the effects of coral photosynthesis
and less 13C in gaseous CO2 in the pH 7.6 and 7.8
treatments.
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internal H+ ratio is 100:1, while ΩA decreases rapidly
with elevated pCO2 when the coral’s external:
internal H+ ratio is < 2:1 (Fig. 7A). Therefore, increases in calcification at high pCO2 can occur in this
model if the organism exerts strong control over its
calcifying fluid pH (e.g. with stronger H+-pump), as
indicated in Scenario 1 (Fig. 7A). However, it seems
that an extremely high H+-pumping efficiency will be
required to have a positive response to pH decrease,
which comes with a price of energy consumption and
is thus less desirable (Ries 2011).

Model prediction under constant DIC (Scenario 1)
Ries (2011) proposed an H+-pumping model in
which marine calcifiers remove protons (H+) from
their calcifying fluid (internal H+) and maintain a constant external:internal H+ ratio between the external
seawater and the calcifying fluid under varying atmospheric pCO2 levels. The coral external:internal H+
ratio estimated in that study was ~90:1 based on a pH
microelectrode measurement (Ries 2011).
This H+-pumping model was used in our study to
show how calcifying fluid ΩA varies with different
levels of pCO2 when coral external:internal H+ ratios
change (Fig. 7A). This model shows that ΩA in the
calcifying fluid would increase in response to elevated atmospheric pCO2 when the coral’s external:
35

Model prediction under variable DIC (Scenario 2)
The boron isotope studies showed that the calcifying fluid pH of aragonitic corals exhibited a speciesdependent range from 8.4 to 8.7 at a typical seawater
pH of ~8.1, representing a systematic increase in calcifying fluid pH relative to ambient sea water of ~0.3
to 0.6 units (Anagnostou et al. 2012, McCulloch et al.
2012a). Based on the increases of ~0.3 to 0.6 pH units,
the external:internal H+ ratios are estimated to be
~2:1 to 4:1. However, the studies using microelectrodes and pH-sensitive dyes indicate enhanced calcifying fluid pH by ~0.6 to 1.2 (and possibly up to 2)
above seawater during the daytime (Furla et al. 2000,
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Al-Horani et al. 2003, Venn et al. 2009, 2011), which
represented external:internal H+ ratios of ~4:1 to
100:1. Hence, the external:internal H+ ratios are variable due to species and measurement differences.
However, there is still less information about DIC
and Ca2+ concentrations in calcifying fluid. The modeling data showed that DIC in calcifying fluid varied
from 600 to 800 µM (Hohn & Merico 2012), or ~1000
to 2100 µM in the light (Nakamura et al. 2013). In
addition, McCulloch et al. (2012a) assumed DICcf = 2
× DICsw and [Ca2+]cf = [Ca2+]sw + 0.5 (mmol kg−1) in
their model calculations, in which DICcf and [Ca2+]cf
were the DIC and calcium concentrations in calcifying fluid and DICsw and [Ca2+]sw in seawater, respectively. Therefore, there was still no consensus on DIC
concentrations in calcifying fluid, and DIC concentrations in calcifying fluid could be very dynamic due
to coral photosynthesis and respiration.
Based on those previously suggested values of DIC
(Hohn & Merico 2012, Nakamura et al. 2013), a broad
range of DIC concentrations in calcifying fluid was
assumed in Scenario 2 with ΔDIC from −1000 to
1000 µmol l−1 (Fig. 7). As a direct modification of Scenario 1, Fig. 7 shows that the responses of ΩA to pCO2
can sharply differ at different DIC concentrations in
calcifying fluid. The relationship between ΩA and
pCO2 is reversed from positive to negative when
ΔDIC varies from −1000 to 1000 µmol l−1. Similarly,
when the external:internal H+ ratio is 2:1, ΔDIC =
−1000 µmol l−1 due to high photosynthesis also results in a positive relationship between ΩA and pCO2,
which is reversed when ΔDIC increases to 1000 µmol
l−1 (Fig. 7). Fig. 7B shows how ΩA in the calcifying
fluid varies with DIC and ΔDIC. When DIC in calcifying fluid reaches a threshold value, ΩA also reaches a
maximum value. Interestingly, when DIC decreases
below the threshold value, higher pCO2 enhances ΩA
in the calcifying fluid, which is favorable to coral calcification (Fig. 7B).
Since measuring net calcification fails to disentangle the relative contributions of gross calcification
and dissolution rates on growth (Rodolfo-Metalpa et
al. 2011), gross calcification and dissolution should
be estimated separately. The empirical exponential
rate-dependence law for abiotic carbonate precipitation can be used to calculate net calcification and dissolution with the following equations (McCulloch et
al. 2012b):
Rcal = kcal (ΩAcal − 1)n

(1)

2

kcal = −0.0177T + 1.47T + 14.9

(2)

n = 0.0628T + 0.0985

(3)

Rdis = kdis (1 − ΩAsw)

(4)

n

in which Rcal and Rdis are the gross calcification and
dissolution rates of aragonite respectively, kcal and
kdis are the rate law constants, ΩAcal and ΩAsw are ΩA
in calcifying fluid and seawater respectively, n is the
order of the reaction for aragonite, and T is temperature (Walter & Morse 1985, Burton & Walter 1987).
Since ΩAsw was >1 even when pCO2 is 1400 µatm
(Fig. 6), dissolution rates were negligible based on
the estimation according to the above equations. With
these equations and ΩA in Fig. 7, net calcification
rates could be estimated (Fig. 8). Unfortunately, coral
surface areas were not measured in our experiments;
hence, the comparison of calcification per surface areas could not be conducted between the experimental and model results. Nevertheless, Fig. 9A indicates that net calcification rates were enhanced by
~20 to 50% due to the increased pCO2 when DIC was
1000 µM (ΔDIC = −1000 µM) and the external:internal
H+ ratio was 2:1 and 100:1. There would be no coral
calcification when the external:internal H+ ratio was
2:1 and DIC was 3000 µM (ΔDIC = 1000 µM), and
hence this data line is not present in Fig. 8A.

Implications for different responses
of coral to acidification
Most of the previous studies showed that the responses of coral calcification to acidification are negative (Wicks & Roberts 2012), although the response
may change between and within species, and stimulation/inhibition of calcification ranged from + 23 to
−78% (Erez et al. 2011). The overwhelming number
of negative responses reported may imply that DIC in
calcifying fluid is often higher than the threshold DIC
value or that the pH in calcifying fluid was not high
enough due to a weak H+ pump (Fig. 8B). Meanwhile, positive responses of coral calcification to
ocean acidification are possible according to our
model of Scenario 2, as the dynamic variation in DIC
could cause a different response of coral calcification
to elevated CO2. The dynamic DIC concentrations in
coral micro-environment, tissue, and calcifying fluids
is caused by active coral photosynthesis (Furla et al.
2000, Al-Horani et al. 2003), which has shown different responses to acidification in different previous
studies (Langdon et al. 2003, Schneider & Erez 2006,
Marubini et al. 2008, Brading et al. 2011).
Our model provides an explanation for different responses of coral calcification to acidification, but this
model did not incorporate the possible relationship
between ΔDIC and the H+ pump. It is possible that
coral species with higher photosynthesis rates usually
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