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  A  bstract         The venerid clam ( Mactra   veneriformis  Reeve 1854) is one of the main cultured bivalve 
species in intertidal and shallow subtidal ecosystems along the west coast of Korea. To understand the 
eff ects of ocean acidifi cation on the early life stages of Korean clams, we investigated shell growth and 
abnormality rates and types in the D-shaped, umbonate veliger, and pediveliger stages of the venerid clam 
 M .  veneriformis  during exposure to elevated seawater  p CO 2 . In particular, we examined abnormal types of 
larval shell morphology categorized as shell deformations, shell distortions, and shell fi ssures. Specimens 
were incubated in seawater equilibrated with bubbled CO 2 -enriched air at (400±25)×10 -6  (ambient control), 
(800±25)×10 -6  (high  p CO 2 ), or (1 200±28)×10 -6  (extremely high  p CO 2 ), the atmospheric CO 2  concentrations 
predicted for the years 2014, 2084, and 2154 (70-year intervals; two human generations), respectively, 
in the Representative Concentration Pathway (RCP) 8.5 scenario. The mean shell lengths of larvae were 
signifi cantly decreased in the high and extremely high  p CO 2  groups compared with the ambient control 
groups. Furthermore, under high and extremely high  p CO 2  conditions, the cultures exhibited signifi cantly 
increased abundances of abnormal larvae and increased severity of abnormalities compared with the ambient 
control. In the umbonate veliger stage of the experimental larvae, the most common abnormalities were shell 
deformations, distortions, and fi ssures; on the other hand, convex hinges and mantle protuberances were 
absent. These results suggest that elevated CO 2  exerts an additional burden on the health of  M .  veneriformis  
larvae by impairing early development. 

  K  eyword : abnormality; larval shell growth;  Mactra   veneriformis ; ocean acidifi cation;  p CO 2  

 1 INTRODUCTION 

 Atmospheric CO 2  concentrations have been 
increasing since preindustrial times, resulting in 
changes in global temperatures, climate and ocean 
chemistry. The projections based on the 
Intergovernmental Panel on Climate Change (IPCC) 
emission scenario Representative Concentration 
Pathway (RCP) 8.5 for the year 2100 indicate further 
increases in average  p CO 2  in the atmosphere of (530–
570)×10 -6  (Stocker et al., 2013). The oceans absorb 
25%–30% of the CO 2  released from the atmosphere 

(Fabry et al., 2008); however, this is a slow process 
that cannot keep pace with the current rate of  p CO 2  
increase (Hoegh-Guldberg et al., 2007). For these 
reasons, in addition to causing the oceans to acidify, 
CO 2  gas is causing global warming. Not only are the 
predicted changes in ocean pH substantial, but they 
are also expected to occur more rapidly than any pH 
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changes experienced in the last 24 million years 
(Blackford and Gilbert, 2007). Despite the uncertainty 
surrounding the eff ects of ocean acidifi cation, which 
is still not fully understood, it is generally assumed 
that ocean acidifi cation will have signifi cant direct 
and indirect impacts on marine organisms (Hoegh-
Guldberg et al., 2007; Kleypas and Yates, 2009). 

 Calcifying organisms are already recognized as 
sentinel species for ocean acidifi cation because of 
their ability to produce calcareous structures that 
could be aff ected by seawater carbonate chemistry 
(Orr et al., 2005). Among calcifying species, bivalves 
play an important role in marine and coastal 
ecosystems, providing habitats for many other 
invertebrates and linking the organic and inorganic 
carbon cycles, both as carbonate producers and as 
lower trophic level animals (Gutiérrez et al., 2003). 
Additionally, bivalves form one of the largest classes 
in the Mollusca, and are currently a harvestable 
fi sheries resource for which the potential direct eff ects 
of ocean acidifi cation are well understood (Cooley et 
al., 2012). For these reasons, bivalve species have 
been used as target species in studies examining 
elevated CO 2  (Kurihara et al., 2007, 2008; Parker et 
al., 2009, 2012; Talmage and Gobler, 2010, 2011, 
2012; Range et al., 2012; Van Colen et al., 2012; 
Barros et al., 2013; Ginger et al., 2013; White et al., 
2013; Scanes et al., 2014). However, the extent of the 
eff ects of elevated CO 2  diff ers between closely related 
species (Parker et al., 2010), and in some cases, 
among diff erent populations of the same species 
(Waldbusser et al., 2010; Parker et al., 2011). Although 
it is diffi  cult to predict the global impact of elevated 
CO 2  on an organism, it is useful to understand its 
eff ects on numerous species in specifi c regions and to 
anticipate the severity and eff ects of regional changes. 
The venerid clam,  Mactra   veneriformis  Reeve 1854 
(Bivalvia: Mactridae), is one of the main cultured 
bivalve species in intertidal and shallow subtidal 
ecosystems along the west coast of Korea (Hur et al., 
2005). Although  M .  veneriformis  is an ecologically 
and economically important bivalve species, few data 
on its physical and ecological characteristics have 
been reported. 

 Recent studies of the eff ects on various life-history 
stages of calcifying organisms aimed to predict the 
impacts of CO 2 -driven acidifi cation on larval growth 
and development (Hendriks et al., 2010; Talmage and 
Gobler, 2010, 2011, 2012; Parker et al., 2012). The 
bivalve shell consists of calcite, aragonite, or the two 
mixed; however, all shells of bivalve larvae comprise 

only aragonite, the soluble form of CaCO 3  (Weiss et 
al., 2002), and acidifi cation experiments have 
demonstrated that larvae of marine organisms are 
more vulnerable to ocean acidifi cation than their 
adults (Kurihara, 2008; Walther et al., 2010). 
However, previous acidifi cation studies on larval 
bivalves did not refer to specifi c abnormalities, and 
simply focused on the malformation of D-shaped 
stage larvae (Kurihara et al., 2007, 2008; Parker et al., 
2009; Talmage and Gobler, 2010, 2011, 2012; Barros 
et al., 2013). Thus, abnormalities during the 
development from the trochophore stage to after the 
D-shaped (umbonate veliger and pediveliger) stage 
need to be investigated in much greater detail. 

 While it is diffi  cult to predict the impacts of 
elevated  p CO 2  on marine organisms and their 
communities accurately, it is important to investigate 
the vulnerability of specifi c species and the potential 
impacts of acidifi cation on a regional scale. In this 
study, we examined shell growth and abnormalities in 
the early life stages of  M .  veneriformis  after exposure 
to elevated seawater  p CO 2 , and we have categorized 
larval abnormality types, which previously had only 
been studied for D-shaped larvae, based on the shell 
morphology. The purpose of our study was to better 
understand uncertainties in the local ecological and 
physiological responses of larvae to increased CO 2  
levels, thus supporting further ocean acidifi cation 
research. 

 2 MATERIAL AND METHOD 

 2.1 Experimental design 

 D-shaped larvae of  M .  veneriformis  were obtained 
from the Incheon Fisheries Research Institute through 
artifi cial spawning induced by exposure to air and 
elevated water temperatures. Adult  M .  veneriformis  
specimens were obtained from the west coast of 
Taean-gun, Chungcheongnam-do, Korea. The 
D-shaped larvae were kept for 1 day in an indoor 
(22±0.5°C) open-water cage with a continuous air 
supply for acclimation to the water temperature before 
the experiments. Initially, culture tanks were 
thoroughly washed with ethanol, rinsed with 
freshwater, and left to air-dry for 24 h. Glass fi ber 
fi lter (GF/F)-treated seawater was introduced to the 
culture tanks and bubbled either with air (control) or 
with CO 2 -enriched air (Multichannel Gas Mixer, 
Biota Korea; CO 2 , UHP (Ultra High Purity) CO 2 , 
purity 99.999%; N 2 , purity 99.999 9%) at 22±0.5°C 
(CO 2  compensated at 400×10 -6  and 1 000×10 -6 ). 
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Acidifi cation was generated in the culture tanks by 
bubbling CO 2 -enriched air at 400±25×10 -6  (ambient 
control), (800±25)×10 -6  (high  p CO 2 ), or 
(1 200±28)×10 -6  (extremely high  p CO 2 ); namely, the 
atmospheric CO 2  concentrations predicted for the 
years 2014, 2084, and 2154, (70-year intervals or two 
human generations) respectively, in the RCP 8.5 
scenario. The required CO 2  concentrations in the 
CO 2 -enriched air were obtained by adjusting the fl ow 
rate using a variable area fl ow meter/controller (Cole-
Parmer, Vernon Hills, IL, USA). The gases in each 
culture tank during the experiment were monitored 
every 10 min using a CO 2  Gas Analyzer (Li-820, LI-
COR Inc., Lincoln, NE, USA) to maintain the specifi c 
CO 2  concentration, and a data logger (HOBO data 
logger, Onset Computer Corp., Bourne, MA, USA) 

logged data every 30 sec. The D-shaped larvae were 
distributed equally among nine experimental units/
tanks (fi ve individuals/mL, three treatments    three 
replicates). Each cylindrical plastic culture tank 
contained 6 L of 0.45-  m fi ltered seawater; larval 
density was monitored in each culture tank during 
each water exchange. Salinity and nutrient 
concentrations of the experimental seawater in the 
ambient control and CO 2 -enriched groups were as 
follows: salinity, 31±1.1; ammonia, 5.1±1.1   mol/L; 
nitrate, 6.7±1.3   mol/L; phosphate, 0.55±0.2   mol/L; 
and silicate, 11±1.8   mol/L. Each culture tank was 
aerated to keep the larvae dispersed in the water 
column. Larvae were fed live algae,  Isochrysis  
 galbana , (450 000 cells/mL) once daily. 

 2.2 Shell growth and abnormality rates 

 Once every 2 days, 90% of the seawater in each 
culture tank was removed and replaced with fresh 
seawater at the appropriate  p CO 2  concentration, and 
subsamples of >30  M .  veneriformis  larvae were 
obtained from each replicate for measurements of 
mean shell length (Fig.1), mean shell height, 
developmental stage, and abnormality rate (Fig.2) 
using image software (CellSens Standard, Olympus, 
Tokyo, Japan) coupled with a light microscope 
(BX51, Olympus). The larval shell morphological 
condition, which could be discerned visually, was 
also determined from these images. The types of 
abnormal  M .  veneriformis  larvae at 9 and 13 days are 
summarized in Fig.3 according to the degree of 
severity (minor, medium, and high), and the 
abnormality types, which were divided into three 
categories (His et al., 1997, Barros et al., 2013): shell 
distortions, shell deformations, and shell fi ssures 
(Figs.3 and 4).  

 2.3 Statistical analyses 

 Three replicates of the experiments were carried 
out, each consisting of one control and two CO 2  
groups originating from the same larval batch. The 
mean from each group was used to obtain overall 
means and standard deviation (SD) values for 
statistical comparisons. The Tukey-Kramer test was 
applied to evaluate the eff ects of  p CO 2  on shell growth 
and abnormality rates. The  F -test (one-way ANOVA) 
was used to compare the eff ects of  p CO 2  on the shell 
growth and percentages of larval abnormalities at 
each level of  p CO 2 . The diff erences between mean 
shell length and mean abnormality rate were 
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considered statistically signifi cant at  P< 0.05 and 
 P< 0.001, respectively. The statistical analyses were 
performed using SPSS version 16.0 (IBM Corp., 
Armonk, NY, USA). 

 3 RESULT 

 Elevated  p CO 2  caused a signifi cant reduction in 
shell length in the  M .  veneriformis  larvae in the high 
(800×10 -6 ) and extremely high (1 200×10 -6 ) groups 
when compared with the ambient control (400×10 -6 ) 
group. After 9 days of exposure, statistical diff erences 
were observed between the ambient control groups 
and the two elevated  p CO 2  groups (one-way ANOVA; 
 P< 0.05; Fig.1). The initial mean shell length of the 
larvae was 90.1±0.6   m for all three treatments 
(Fig.1). After 9 days of exposure, the mean shell 

length was 173.3±2.6   m in the ambient control 
groups, in contrast to 167.5±3.3   m (96.7%) and 
155.1±3.4   m (89.5%) in the high and extremely high 
 p CO 2  groups, respectively (one-way ANOVA,  F -ratio 
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20.2; 2 df;  P< 0.05; Fig.1). After day 9, the mean shell 
length remained statistically diff erent between the 
ambient control groups and the two elevated  p CO 2  
groups (one-way ANOVA,  P< 0.05; Fig.1). 

 Abnormalities were observed in the larvae under 
all three conditions, but in the high and extremely 
high  p CO 2  groups, the percentages of abnormalities 
were increased compared with the ambient control 
groups (one-way ANOVA;  P< 0.001; Fig.2). Only 
1.7% of the larvae were abnormal in the ambient 
control groups by day 5, compared with 4.1% and 
10.4% in the high and extremely high  p CO 2  groups, 
respectively (one-way ANOVA;  F -ratio, 185.9; 2 df; 
 P< 0.001). The percentage of abnormal larvae 
decreased slightly to 1.4% in the control groups by 
day 9; however, abnormality rates increased to 9.4% 
and 14.5% in the high and extremely high  p CO 2  
groups, respectively (one-way ANOVA,  F -ratio, 
198.5; 2 df;  P< 0.001). By day 13, the abnormality 
rates of all treatments decreased slightly to 1.32% 
(control), 7.6% (high CO 2 ), and 12.5% (extremely 
high CO 2 ; one-way ANOVA,  F -ratio, 152.4; 2 df; 
 P< 0.001). Medium degree abnormalities were 
observed in the control group after day 9; however 
they appeared more rapidly (by day 5) in the extremely 
high  p CO 2  group. At both day 5 and day 9, the 
proportions of high abnormalities in the two elevated 
 p CO 2  groups were also higher than in the ambient 
control groups (one-way ANOVA;  P< 0.05, Figs.2 
and 3). The proportions of high abnormalities in all 
three treatments were markedly decreased by day 13. 

 The types of abnormalities were divided into three 
categories: shell distortions, shell deformations, and 
shell fi ssures (Fig.3). Of these, shell deformations 
were the most abundant (Fig.4). By day 9, 72% of the 
abnormalities (average of all three conditions) were 
shell deformations, while the percentage of shell 
distortions was 24%, and only 4% of the abnormalities 
were shell fi ssures (Fig.4). The percentages of shell 
deformations and shell fi ssures increased to 80% and 
10%, respectively, by day 13; however, the percentage 
of shell distortions decreased to 10% (average of all 
three conditions; Fig.4). Shell distortions and shell 
fi ssures were nearly absent in the ambient control 
groups by days 9 and 13 (Fig.4). 

 4 DISCUSSION 
 Exposure to seawater acidifi ed through 

equilibration with air containing 800×10 -6  or 
1 200×10 -6    CO 2  led to signifi cant size reductions and 
morphological abnormalities in the early 

developmental stages (D-veliger and umbonate 
veliger stages) of the larvae of  M .  veneriformis . Under 
acidifi ed seawater conditions, the larvae were still 
able to form shells, even in seawater with extremely 
high  p CO 2  conditions (1 200×10 -6 ), which exceeded 
the worst ocean acidifi cation scenario foreshadowed 
by the RCP 8.5 for the year 2100 (940×10 -6 ). However, 
during the fi rst 9 days of the experiment, the high and 
extremely high  p CO 2  groups exhibited reduced mean 
larval shell sizes (Fig.1) and increased abnormality 
rates (Fig.2) relative to the ambient control. This 
suggests that CO 2  exposure during the early 
development stage is critical for shell development in 
 M .  veneriformis  larvae. From days 9–13, statistically 
signifi cant diff erences in mean shell length were 
observed as a result of CO 2  exposure (Fig.1), 
indicating that the shell growth of  M .  veneriformis  
during these early days postfertilization determines 
the shell size in later developmental stages.  

 Our results demonstrating that high  p CO 2  exposure 
impairs early larval shell size are consistent with the 
negative eff ects caused by high  p CO 2  exposure 
observed in the larval sizes of other bivalves. For 
example, at day 8, the larvae of the oyster  Saccostrea  
 glomerata  exhibited decreased mean shell sizes of 
6.3% at pH 7.8 and 8.7% at pH 7.6, relative to the 
ambient control treatment at pH 8.1 (Watson et al., 
2009). Similarly, the clams  Mercenaria   mercenaria  
and  Argopecten   irradians  larvae grown under 
390×10 -6    CO 2  (282±5 and 449±35 μm) were 
signifi cantly larger than those grown under higher 
(210±9 and 311±26 μm at ~1 500×10 -6 ) levels of CO 2  
at day 24 and 20 respectively (Talmage and Gobler, 
2010). Also, larvae of the clam  Macoma   balthica  
exhibited signifi cant reductions in shell length at day 
3 under conditions of seawater at pH 7.5 and 7.8, 
relative to control seawater at pH 8.1 (Van Colen et 
al., 2012). These results combined with our present 
study corroborate that the shell growth of larvae 
exposed to high  p CO 2  might be impaired critically in 
early life-stage development, not only at one day 
postfertilization (D-veliger stage), but even after a 
week (after umbonate veliger stage). 

 Our fi ndings suggest that seawater with elevated 
 p CO 2  concentrations infl uenced early shell-producing 
processes responsible for larval shell calcifi cation. 
The organisms that use CaCO 3  to form shells may be 
sensitive to chemical dissolution. The dissolution of 
increased CO 2  in the seawater causes chemical 
changes leading to decrease in the availability of 
carbonate ions (CO     32ˉ  ), and this can increase the 
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dissolution of calcium carbonate (CaCO 3 ) minerals 
(Kleypas et al., 1999; Findlay et al., 2009). Although 
the diff erent response of CaCO 3  production to 
changing ocean chemistry may occur between 
species, the calcareous shells of these organisms start 
to dissolve when carbonate saturation drops below 
unity (Schulz et al., 2008). The calcifi cation of 
mollusk shells occurs in a closed compartment into 
which ions can diff use or be pumped to increase their 
concentrations; the organisms produce organic 
compounds that defi ne the shape of the crystal, and 
then fi nally arrest its growth (Gazeau et al., 2013). 
The larval shells are produced during their early larval 
development by a shell gland, the inner part of which 
is transformed into the larval mantle epithelium that 
will defi ne the next shell fi eld (Marin and Luquet, 
2004; Weiss and Schönitzer, 2006). The organic shell 
in larvae begins to be secreted at the late trochophore 
stage and calcifi cation is initiated in the early veliger 
stage; therefore these early development stages might 
be more sensitive to elevated  p CO 2  (Hayakaze and 
Tanabe, 1999; Kurihara et al., 2008; Parker et al., 
2009). 

 We found here that exposure to high  p CO 2  led to 
increased frequencies and increased severity of 
morphological abnormalities in  M .  veneriformis  
larvae, compared with the ambient control (Fig.2). 
Larval abnormalities have been reported previously 
in mollusks exposed to acidifi cation caused by high 
 p CO 2  (Gazeau et al., 2007; Kurihara et al., 2007, 
2008; Parker et al., 2010). We also found high 
abnormality rates in larvae exposed to high  p CO 2 , that 
are in agreement with previous studies of mollusk 
abnormality rates under these conditions (Fig.2). The 
shell integrity is one of the most important and 
fundamental factors of defense for the clams, 
especially in their early life stages, because the shells 
provide physical shielding for delicate and vulnerable 
internal tissues and protection from predators and 
harmful substances (Carriker, 1986, 1996). In point of 
fact, these shell abnormalities can be fatal elements 
within the health of shellfi shes, so monitoring of not 
only shell abnormality rates but also abnormality 
types and levels is needed. 

 In our study, light microscopy provided evidence 
of shell abnormalities. The morphological abnormality 
types, including convex hinges, indented shell 
margins, incomplete shells, and protrusion of the 
mantle, are typical criteria used to distinguish normal 
from abnormal larval development in mollusks (His 
et al., 1997; Barros et al., 2013). Previous studies 

focused on abnormalities in larvae in the D-veliger 
stage. However, we also examined larvae in the 
umbonate veliger and pediveliger stages. The types of 
abnormalities in umbonate veliger larvae were 
somewhat diff erent from those in D-veliger larvae 
reported in previous studies (His et al., 1997; Kurihara 
et al., 2008; Barros et al., 2013). In the D-veliger 
stage, the most common abnormalities are convex 
hinges and mantle protuberances. However, in our 
results for umbonate veliger larvae, the most common 
abnormalities were shell deformations, distortions, 
and fi ssures, while convex hinge and mantle 
protuberances were absent. The two latter abnormality 
types are clearly fatal factors that disturb the next step 
in development. In addition, the abnormalities we 
observed under the elevated  p CO 2  conditions showed 
conspicuously diff erent shapes compared with the 
larval abnormality types described by His et al. 
(1997). This implies that the larval abnormality types 
in these artifi cially acidifi ed conditions diff er from the 
natural abnormalities of larvae.  

 Therefore, we categorized larval abnormalities 
according to shell morphology in the present study—
shell deformations, shell distortions, and shell 
fi ssures—to include some abnormality types that 
were de-emphasized in previous studies (e.g., 
asymmetric shell margins, distorted shells, and 
fi ssures). The reason for these classifi cations was that 
shell distortions and shell fi ssures occurred frequently 
in the elevated CO 2  groups, and clearly showed 
features that diff ered from shell deformation. In 
addition, the abnormalities observed under high and 
extremely high  p CO 2  conditions—asymmetric shell 
margins, distorted shells, and fi ssures—are 
characteristics that can be fatal or can severely aff ect 
the health of the organism. Because there were no 
records of the shell abnormality levels, we divided the 
levels of morphological abnormalities as loss of the 
functional shell abilities. We decided on a medium 
degree of abnormalities when the shells lost their 
defense ability from the outside or formed a severe 
shell asymmetry, which can aff ect growth. If the 
shells maintained functionality but could have lost 
their function when the abnormality was more severe, 
the degree of abnormality was categorized as minor. 
Also if the inside of the larva was exposed to the 
outside at least 5/1, the abnormality was categorized 
as a high degree. 

 Among shell deformations, the amount of severity 
ranged from asymmetric shell margins (minor degree) 
to incomplete shells (medium degree) to fully 
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incomplete shells (high degree). Among the shell 
distortions, convex hinges (found only at the D-veliger 
stage) or convex shell margins (minor degree) and 
distorted shell margins (medium degree) were 
observed. The fi ssures observed included those on the 
shell (minor degree) and indented shell margins 
(medium degree). This study revealed that at 9 and 13 
days after exposure, shell deformations were the most 
frequently observed type resulting from seawater 
acidifi cation (Fig.4). These morphological 
abnormalities might arise from the inability of the 
larvae to produce suffi  cient calcium carbonate, which 
is crucial in the development of shells, or they could 
be the results of dissolution of the shell caused by 
corrosion from seawater (Barros et al., 2013). One 
possible reason for such a signifi cant increase in shell 
deformations in larvae exposed to elevated  p CO 2  
might be the disproportional production of calcium 
carbonate. 

 There is no clear evidence of elevated  p CO 2 -related 
mortalities of bivalves in natural habitats, even under 
extremely high  p CO 2  conditions that exceed the worst 
future scenarios for ocean acidifi cation (Tunnicliff e et 
al., 2009). However, the negative eff ects of elevated 
 p CO 2  on the larvae of  M .  veneriformis  could have 
major consequences for the adult clams at the 
population level. Impairment of growth and increased 
abnormality rates of larvae will reduce the biomass of 
individuals reaching the next developmental stages, 
and these abnormalities might also aff ect the 
swimming capability of the larvae and thus decrease 
their fi tness (Kurihara et al., 2008). Also, weakened 
shells could impair functionality, increasing the 
vulnerability of the bivalves to predators, physical 
damage, and parasites, which may reduce survival 
rates in natural habitats and in aquaculture (Cooley et 
al., 2012). Even under natural conditions, larval 
mortality of benthic invertebrates is already extremely 
high (Gosselin and Qian, 1997). If these abnormalities 
aff ect viability during critical stages of development 
from exposure to elevated  p CO 2 , reduced numbers 
might also be seen in the adult stages. Thus, ocean 
acidifi cation will place an additional burden on the 
larval health of the venerid clam  M .  veneriformis  by 
impairing development in the early life stages. 
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