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Abstract
Several studies have demonstrated that shellﬁsh calciﬁcation rate has been impacted by ocean
acidiﬁcation. However, the carbonate system variables responsible for regulating calciﬁcation rate are
controversial. To distinguish the key variables, we manipulated a seawater carbonate system by regulating
seawater pH and dissolved inorganic carbon (DIC). Calciﬁcation rates of juvenile blue mussel (Mytilus
edulis) and Zhikong scallop (Chlamys farreri) were measured in diﬀerent carbonate systems. Our results
demonstrated that neither [HCOˉ3], DIC, or pH ([H+]) were determining factors for the shellﬁsh calciﬁcation
rate of blue mussel or Zhikong scallop. However, a signiﬁcant correlation was detected between calciﬁcation
rate and DIC/[H+] and [CO23ˉ] in both species.
Keyword: ocean acidiﬁcation; calciﬁcation; shellﬁsh; carbonate system

1 INTRODUCTION
Marine calciﬁers, such as corals, coralline algae,
and shellﬁsh that produce calcium carbonate are
vulnerable to ocean acidiﬁcation (OA) (Anthony et
al., 2008; Kuﬀner et al., 2008; Pandolﬁ et al., 2011).
The calciﬁcation rate of coral reefs (Maier et al.,
2009; Jokiel, 2013; Maier et al., 2016) and coralline
algae (Kuﬀner et al., 2008; Semesi et al., 2009b) will
decrease under acidiﬁed conditions based on the
carbon dioxide partial pressure (pCO2) levels
predicted at the end of this century. Larval shell
growth and hardness of eastern oysters (Crassostrea
virginica) decreases under high pCO2 conditions
(Anthony et al., 2008). Larval shells in several species
of shellﬁsh, such as mussels (Kurihara et al., 2009;
Gazeau et al., 2010; Kelly et al., 2016), oysters
(Kurihara et al., 2007; Parker et al., 2010; Waldbusser
et al., 2016), abalone (Byrne et al., 2011; Crim et al.,
2011; Li et al., 2013), and scallops (Talmage and
Gobler, 2009; White et al., 2013; Wang et al., 2016)

are malformed by OA. Larval (Miller et al., 2009;
Talmage and Gobler, 2010) and adult bivalves
(Gazeau et al., 2007; Pﬁster et al., 2016; Ries et al.,
2016) will also suﬀer reduced calciﬁcation under the
pH conditions predicted for the end of this century.
The calciﬁcation response by these marine calciﬁers
to acidiﬁed environments is a main issue for OArelated studies to explore. However, the variables
regulating calciﬁcation rate are controversial.
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It is well known that marine calciﬁers use HCOˉ3 to
deposit their calcareous skeleton by the following
reaction:
Ca2++2HCOˉ3→CaCO3+CO2+H2O
(Frankignoulle et al., 1995). Therefore, a decline in
calciﬁcation rates of calciﬁers under acidiﬁed
conditions might be attributed to increased [H+] or a
decrease of [CO23ˉ], [HCOˉ3], or dissolved inorganic
carbon (DIC). Some researchers have proposed that
calciﬁcation rate of coral (Madracis auretenra)
responds to variations in bicarbonate concentration
rather than carbonate concentration or pH (Jury et al.,
2010). They observed a normal or even elevated
calciﬁcation rate of corals at pH 7.6–7.8 when
bicarbonate concentration was >1 800 μmol/L, but
the calciﬁcation rate decreased if the bicarbonate
concentration was lower under a normal pH condition.
Other researchers believe that coral calciﬁcation is
determined by the availability of the CO23ˉ rather than
pH or HCOˉ3 (Kleypas et al., 1999; Silverman et al.,
2007; Marubini et al., 2008). Gazeau et al. (2007)
reported that the calciﬁcation rates of mussels (Mytilus
edulis) and Paciﬁc oysters (Crassostrea gigas) decline
linearly with increasing pCO2, but they did not
diﬀerentiate the roles of pH, bicarbonate, carbonate,
or DIC concentration when determining the
calciﬁcation rate.
To identify the key factors involved in
biomineralization, calciﬁcation rates of calciﬁers
have been measured in manipulated CO2-carbonate
systems. Gattuso et al. (1998) manipulated calcium
concentration under constant pH and carbonate
conditions to adjust the aragonite saturation level of
seawater and found that the coral calciﬁcation rate
increased if the aragonite saturation level was also
increased. Langdon et al. (2000) manipulated both
calcium and carbonate concentrations to obtain the
required aragonite saturation level of seawater and
found consistent regulated changes in calciﬁcation
rate of coral to the manipulated aragonite saturation.
Waldbusser et al. (2015) manipulated seawater DIC
with mineral acids and bases and reported that shell
development of two bivalve larvae, C. gigas, and
Mytilus gallo provincialis, are dependent on carbonate
saturation state, and not on pCO2 or pH. Another study
reported that limiting DIC strongly reduced
calciﬁcation, despite a high [CO23ˉ] (Thomsen et al.,
2015). They believed that mussels utilize [HCOˉ3]
rather than [CO23ˉ] as the inorganic carbon source for
biomineralization. To distinguish the key factors
determining calciﬁcation rate of post-larval shellﬁsh,
conditions with decreased pH or lowered DIC were
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created by bubbling CO2-enriched air or adding a
hydrochloride solution to natural seawater.
Calciﬁcation rates of juvenile blue mussels (M. edulis)
and Zhikong scallops (Chlamys farreri) were
measured in these diﬀerent carbonate systems.
Signiﬁcant correlations were observed between
calciﬁcation rate and DIC/[H+] and [CO23ˉ] in both
species. We also found that calciﬁcation rate of these
two bivalve species increased under elevated pH
conditions.

2 MATERIAL AND METHOD
2.1 Animal collection and cultivation
All animals used in the experiment were collected
from Sangou Bay, Weihai, China. The shell heights of
the Zhikong scallops and blue mussels sampled from
the local aquaculture populations were 3.53±0.25 cm
and 3.55±0.41 cm, respectively. Individuals were
acclimated to experimental conditions for 2 weeks
before being used to measure calciﬁcation rate.
Animals were reared together with Ulva pertusa
Kjellman in 1-L beakers placed in an illumination
incubator. The incubation temperature was 20°C and
the light-dark photoperiod was 6 min light: 3 min
dark. The pH of the experimental seawater was
maintained at 8.20±0.10 by adjusting the amount of
U. pertusa in the beaker. No aeration was used, as the
mollusks obtained suﬃcient oxygen from the
photosynthetic activity of U. pertusa (dissolved
oxygen [DO]>6.5 mg/L). Animals in each beaker
were fed about a 50 mL suspension of Platymonas sp.
(about 2×106/mL seawater) twice daily.
2.2 Manipulation of the seawater carbonate system
The pH level or DIC was adjusted in the seawater
carbonate system. The seawater was bubbled with
CO2-enriched air, and pH was adjusted down to the
required level. U. pertusa was added and incubated in
the illumination incubator to increase seawater pH. A
two-step method was applied to decrease DIC of
seawater while the pH remained constant. In the ﬁrst
step, seawater pH was increased by incubating with
U. pertusa in the illumination incubator. Then, a
mixture of seawater and concentrated hydrochloric
acid (1:1) was added to the experimental seawater to
reduce pH down to pH 8.2 in the second step. After
repeating these steps twice, we acquired experimental
seawater with an extremely low DIC level and normal
pH (8.2). Experimental seawater with the required

No.2

LI et al.: Shellﬁsh calciﬁcation regulation

407

Table 1 Initial water temperature, salinity, total alkalinity (TA), dissolved inorganic carbon (DIC), pH, and carbonate
saturation state (ΩCal) of the experimental seawater
Group

DIC
regulation

pH regulation

Temperature (°C)

20.0

20.0

Salinity

30.5

30.5

pH

TA (μmol/L)

DIC (μmol/L)

HCOˉ3 (μmol/L)

CO23ˉ (μmol/L)

ΩCal

8.22±0.05

2 075.83±35.18

1 830.7

1 645.9

174.3

4.32

8.19±0.03

1 642.70±24.91

1445.6

1 307.4

129.2

3.20

8.20±0.03

1 132.47±31.59

971.3

876.8

88.7

2.20

8.21±0.01

907.51±10.12

761.2

685.7

71.0

1.76

8.20±0.03

657.91±13.82

534.0

482.0

48.7

1.21

8.63±0.01

2 186.46±19.24

1 672.2

1 311.90

357.1

8.85

8.11±0.03

2 231.60±12.33

2 028.0

1 859.80

152.9

3.79

7.77±0.02

2 250.03±14.87

2 176.7

2 062.00

77.5

1.92

7.57±0.01

2 292.56±27.74

2 281.7

2 168.30

51.4

1.27

DIC level was prepared by mixing seawater with a
low level of DIC and natural seawater.
Water temperature and salinity were measured
using a combined electrode (YSI ProPlus; YSI,
Yellow Springs, OH, USA), and pH was measured
using a pH electrode (Thermo Scientiﬁc 3-Star,
ORION; Waltham, MA, USA). The pH electrode was
calibrated daily with buﬀers traceable to the NIST
(NBS) standard. The DO concentration in the
experimental seawater was measured using a DO
electrode (Multi 3420; WTW, Weilheim, Germany).
Total alkalinity (TA) was measured within hours after
sampling using an automatic titrator (848 Titrino plus;
Metrohm, Riverview, FL, USA).
2.3 Calciﬁcation rate measurement
We used the following equation to calculate the
calciﬁcation rate (Gazeau et al., 2007):
G=

(TA i TA f )
V ,
2T M

where G is calciﬁcation rate (μmol/(g·h)), TAi is
initial TA of the experimental seawater (μmol/L), TAf
is the ﬁnal TA of the experimental seawater (μmol/L),
T is the experimental duration (h), M is whole wet
weight of the experimental animals (g), and V is the
volume of the experimental seawater (L).
Four to six animals and about 3 g of U. pertusa
were placed in a 500-mL beaker ﬁlled with 400 mL of
seawater and the required carbonate system. The
beaker was placed in the illumination incubator with a
light-dark photoperiod of 6 min light: 3 min dark. The
animals were incubated in the beaker for 1 hour while
the amount of U. pertusa was adjusted every 15 min to
maintain a stable pH. Before measuring the
calciﬁcation rate, the incubating seawater was replaced
with fresh seawater. During the 2 h incubation for the

calciﬁcation rate measurement, the amount of
U. pertusa was adjusted every 30 min to maintain pH
within ±0.1 units. Seawater that was used to measure
pH, salinity, and TA was sampled before and
immediately after the incubation. Mean pH, TA, water
temperature, and salinity were used to calculate the
pCO2, [HCOˉ3], [CO23ˉ], DIC, calcite, and aragonite
saturation values (Table 1) using CO2SYS (Pierrot et
al., 2006). Four replicate groups were employed for
the calciﬁcation rate measurements of each species.
2.4 Statistics
The correlation coeﬃcient between carbonate
variables and the calciﬁcation rates of blue mussels
and Zhikong scallops and its signiﬁcance was
calculated using Pearson’s correlation analysis and
SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). A
two-tailed procedure was used to test the signiﬁcance
of the correlation coeﬃcient, and a P<0.05 was
considered signiﬁcant for all tests.

3 RESULT
Calciﬁcation rate of juvenile blue mussels was
associated with the seawater carbonate system (Fig.1).
However, diﬀerent results were found between the
two diﬀerent carbonate systems. Positive correlations
were observed between calciﬁcation rate of juvenile
blue mussels and pH, DIC/[H+] or [CO23ˉ], whereas
negative correlations were observed between
calciﬁcation rate and DIC or [HCOˉ3] during
incubations under high or low pH conditions (Fig.1,
column a). Positive correlations were observed
between calciﬁcation rate and DIC, [HCOˉ3], DIC/
[H+], and [CO23ˉ] during the incubation with low DIC
and normal pH, whereas no correlation was detected
between calciﬁcation rate and pH (Fig.1, column b).
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Fig.1 Plot of seawater pH, [HCOˉ3], [CO23ˉ], dissolved inorganic carbon (DIC), DIC/[H+], and [HCOˉ3]/[H+] vs. calciﬁcation
rate of blue mussels
Seawater carbonate parameters were adjusted by changing the pH (column a) or DIC (column b).
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Table 2 Correlation coeﬃcients between carbonate variables and calciﬁcation rate of blue mussels and Zhikong scallops
Species
Blue mussel

Zhikong scallop
**

Group

pH

[HCOˉ]
3

[CO23ˉ]

DIC/[H+]×10-3

DIC

0.907

-0.886

0.845

**

pH regulation

0.845

-0.905**

DIC regulation

0.214

0.813**

0.881**

0.881**

0.798**

pH regulation

0.904**

-0.880**

0.854**

0.854**

-0.894**

DIC regulation

0.197

0.750

0.670

0.670

0.744**

**

**

**

**

**

**

Indicates that the correlation coeﬃcients is signiﬁcant (P<0.05).

Table 3 Variations in pH, total alkalinity (TA), and the carbonate system variables in the experimental seawater incubated
with Ulva pertusa for 60 min
Incubation time (min) Temperature (oC)

Salinity

pH

TA (μmol/kg)

pCO2 (μatm)

HCO23ˉ (μmol/kg)

COˉ3 (μmol/kg)

ΩCal

0

20

30.5

8.11

2 262.3

490.7

1 905.6

146.8

3.63

15

20

30.5

8.28

2 261.5

308.4

1 771.0

201.8

4.98

30

20

30.5

8.53

2 264.7

148.5

1 517.1

307.4

7.59

45

20

30.5

8.86

2 262.1

50.4

1 099.7

476.4

11.77

60

20

30.5

9.32

2 266.0

8.8

553.2

691.1

17.07

About 5 g of U. pertusa was placed in a beaker ﬁlled with 1 L of seawater in an illumination incubator.

It was clear that the calciﬁcation rate of juvenile
mussels was positively correlated (P<0.05) with and
DIC/[H+] and [CO23ˉ] in both carbonate systems (Table
2).
Similar results were found in Zhikong scallops
(Fig.2). Positive correlations were observed between
calciﬁcation rate of Zhikong scallops and pH, DIC/
[H+], and [CO23ˉ], whereas negative correlations were
observed between calciﬁcation rate and DIC and
[HCOˉ3] under low and high pH conditions (Fig.1,
column a). Positive correlations were detected
between calciﬁcation rate and DIC, [HCOˉ3], DIC/
[H+], and [CO23ˉ], whereas no signiﬁcant correlation
was observed between calciﬁcation rate and pH in
seawater with a low DIC level and normal pH (Fig.1,
column b). Only DIC/[H+] and [CO23ˉ] showed a
positive dominant eﬀect (P<0.05) when determining
calciﬁcation rate of juvenile Zhikong scallops in both
carbonate systems (Table 2).

4 DISCUSSION
It has been reported that ocean surface seawater pH
will drop to about 7.7 (IPCC, 2007) by the end of this
century. Marine calciﬁers, such as mollusks, may face
a stressful future as it will be more diﬃcult for them
to generate calcareous shells (Gazeau et al., 2007). It
seems that the decrease in calciﬁcation rate under
acidiﬁed conditions is directly attributed to higher
[H+]. However, higher [H+] changes the seawater
carbonate system, which may play a determining role

in biological calcium carbonate deposition. Therefore,
it is important to isolate the main factor from acidiﬁed
seawater that is responsible for the decrease in
calciﬁcation rate. We measured calciﬁcation rate of
blue mussels and Zhikong scallops under conditions
created in diﬀerent carbonate systems. The results
support that the calcifying ability of post-larval
shellﬁsh was correlated with [HCOˉ3]/[H+] or [CO23ˉ]
rather than pH, DIC, or [HCOˉ3].
Experimental animals continuously released CO2
into seawater during the calciﬁcation rate
measurement. If this CO2 is absorbed, experimental
seawater pH would decrease. Thus, we introduced
U. pertusa into the incubation system to remove the
CO2. However, this raised concern about the accuracy
of the calciﬁcation measurement, as the seawater
carbonate system would change in response to the
photosynthetic activity of U. pertusa. The carbonate
system variables and pH of the experimental seawater
changed in response to the photosynthetic activity of
U. pertusa, but the TA of seawater remained
unchanged (Table 3). As a result, adding U. pertusa to
the incubation system did not aﬀect the calciﬁcation
rate calculation.
Several studies have investigated the dominant
variables in carbonate systems while calcium
carbonate deposition rate was determined in marine
calciﬁers. Jury et al., (2010) reported that calciﬁcation
rate of coral (Madracis auretenra) responds to
variations in bicarbonate concentration rather than
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Fig.2 Plot of seawater pH, [HCOˉ],
[CO23ˉ], dissolve inorganic carbon (DIC), DIC/[H+], and [HCOˉ]/[H
] vs. calciﬁcation
3
3
rate of Zhikong scallops

Seawater carbonate parameters were adjusted by changing pH (column a) or DIC (column b).
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carbonate concentration. In contrast, Jokiel (2013)
found that the calciﬁcation rates of the coral Porites
rus and the crustose coralline algae (CCA) Hydrolithon
onkodes are correlated with the DIC/[H+] and [CO23ˉ].
Moreover, Gattuso et al. (1998) manipulated a
carbonate chemistry system by adjusting calcium
concentration and found that calciﬁcation rate of the
coral Stylophora pistillata was aﬀected by carbonate
saturation state. Waldbusser et al. (2015) reported that
larval bivalve shell development and growth are
dependent on seawater carbonate saturation state, but
not on pCO2 or pH. They did not discuss the correlation
between calciﬁcation rate of larval bivalves with DIC/
[H+]. Jokiel (2013) reported that calciﬁcation of coral
reefs is driven by the DIC/[H+] ratio and that [CO23ˉ]
has no physiological relevance. However, the
carbonate saturation state or [CO23ˉ] in natural seawater
is tightly correlated with the DIC/[H+] ratio, and
carbonate saturation state is determined by [CO23ˉ].
Therefore, it is diﬃcult to determine whether [CO23ˉ]
or the DIC/[H+] ratio is the key variable when
calculating calciﬁcation rate. Our ﬁndings support
that calciﬁcation rates of post-larval blue mussels and
Zhikong scallops are correlated with [CO23ˉ] and DIC/
[H+] ratio rather than DIC, [HCOˉ3], or pH.
It is believed that [HCOˉ3] is the inorganic carbon
source for biomineralization. However, Putron et al.
(2011) reported that two species of coral exhibit the
same positive response to increasing [CO23ˉ], but not
to total DIC or [HCOˉ3]. We also found that calciﬁcation
rate of shellﬁsh did not follow changes in DIC or
[HCOˉ3]. To exclude [HCOˉ3] or DIC as a sole variable
when determining calciﬁcation rate of shellﬁsh, we
increased seawater pH to decrease [HCOˉ3] and DIC,
and then measured the calciﬁcation rate of the two
species of shellﬁsh. However, the calciﬁcation rates
of these shellﬁsh increased under the high pH
condition and signiﬁcantly increased calcifying
ability was observed in blue mussels and Zhikong
scallops. It must be pointed out that [CO23ˉ] and the
DIC/[H+] ratio increased under this high pH condition.
Therefore, this result demonstrates that calciﬁcation
rate of post-larval shellﬁsh is not dependent on
[HCOˉ3], but also supports the conclusion that [CO23ˉ]
and the DIC/[H+] ratio are dominant variables when
determining calciﬁcation rate.
Several biological processes of calcifying
organisms are stressed under acidiﬁed conditions (Orr
et al., 2005). We also found that biological calciﬁcation
of bivalves is susceptible to seawater acidiﬁcation.
No signs of acclimation to a saturated state by a coral
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reef have been observed, as no signiﬁcant diﬀerence
in calciﬁcation rate was observed between short-term
and long-term incubation (Pandolﬁ et al., 2011). This
result reminds us that some species of marine calciﬁers
may lack the capacity to generate a calcium carbonate
skeleton under acidiﬁed conditions even after longterm acclimation. These calcifying organisms may
face severe challenges in the acidiﬁed future.
However, blue mussels generated a calcareous shell
under extremely low levels of carbonate saturation in
a long-term incubation experiment (Thomsen and
Melzner, 2010). This ﬁnding is markedly diﬀerent
from short-term research (White et al., 2013), in
which blue mussels nearly lost their calcifying ability
under similar conditions to that of the long-term
incubation. It seems that some bivalves may possess
the mechanisms to acclimate to low [CO23ˉ] or DIC/
[H+] conditions. As a result, more studies are required
to understand the response of shellﬁsh calciﬁcation to
the seawater carbonate system.
This study may provide some novel insight about
the beneﬁt that shellﬁsh can acquire in integrated
shellﬁsh-algae aquaculture. Algae are helpful for
producing oxygen and absorbing waste in integrated
aquaculture systems (Mao et al., 2009; Tang et al.,
2011; Chopin et al., 2012). Algae may also be helpful
in creating a comfortable carbonate environment for
shellﬁsh to calcify. Algae provide oxygen, absorb
nutrients, and are capable of adjusting the carbonate
system. Seawater pH in a low water exchange bay can
increase from 7.9 to 8.9 because of the photosynthetic
activity of seaweeds (Semesi et al., 2009a), and a high
seaweed biomass can easily elevate the pH of seawater
in conﬁned tidal pools (Clements and Chopin, 2016).
This higher seawater pH would then increase the level
of [CO23ˉ] or the DIC/[H+] ratio, which is beneﬁcial for
biomineralization of shellﬁsh. Therefore, algae can
help enhance the calcium carbonate deposition
eﬃciency of shellﬁsh in an integrated aquaculture
system.

5 CONCLUSION
Our ﬁndings show that calciﬁcation rates of postlarval blue mussels and Zhikong scallops are
correlated with [CO23ˉ] and the DIC/[H+] ratio rather
than DIC, [HCOˉ3], or pH. However, the calciﬁcation
rate diﬀered in short-term and long-term experiments.
As a result, more studies are required to understand
the response of shellﬁsh calciﬁcation to the seawater
carbonate system.
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