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Abstract

As a result of high anthropogenic emission of CO2, partial pressure of carbon dioxide
(pCO2) in the oceans has increased causing a drop in pH, known as ocean acidification
(OA). Numerous studies have shown negative effects on marine invertebrates, and that
the early life stages are the most sensitive to OA. We studied the effects on embryo and5

larvae of great scallop (Pecten maximus L.), using mean pCO2-levels of 477 (ambient),
821, 1184, and 1627 ppm. OA affected both survival and shell growth negatively after
seven days. Growth was reduced with 5–10 % when pCO2 increased from ambient
477 ppm to 1627 ppm, and survival based on egg number was reduced from 40.4 % in
the ambient group to 10.7 % in the highest pCO2-group. Larvae/embryos stained with10

calcein one day after fertilization, showed fluorescence in the newly formed shell area
indicating calcification of the shell already at the trochophore stage. Shell hinge de-
formities were observed at elevated pCO2-levels in trochophore larvae after two days.
After seven days, deformities in both shell hinge and shell edge were observed in
veliger larvae at elevated pCO2-levels. Although the growth showed a moderate reduc-15

tion, survival rate and increased amount of deformed larvae indicates that P. Maximus
larvae are affected by elevated pCO2 levels within the range of what is projected for
the next century.

1 Introduction

The anthropogenic emission of CO2 has lead to an increase in partial pressure of car-20

bon dioxide (pCO2) in the oceans and a decrease in pH (ocean acidification, OA).
Caldeira and Wickett (2003) showed through modelling that there may be a rapid de-
cline in pH in surface ocean waters over the next 100 yr of as much as 0.4 units (a dou-
bling of H+-ion concentration). Over the next 50–100 yr the pCO2values are projected
to reach 700 ppm, corresponding to a pH of about 7.85 (Zondervan et al., 2001; IPCC,25
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2001). However, spatial and seasonal variations may cause values to extend beyond
these average projections, to 1000 ppm and pH 7.4 (Caldeira and Wickett, 2003).

Depending on their distribution and habitats, marine organisms are exposed to vari-
ous levels of pH fluctuations. In general deep sea species lives in a more stable environ-
ment compared to shallow living species that experiences both seasonal and daily fluc-5

tuations in physio-chemical water parameters. In areas with natural high CO2-supply
(up-welling of deep sea CO2-rich water, volcanic carbon dioxide vents) marine organ-
isms are exposed to seawater pCO2 values as high as 2000 ppm, corresponding to
pH 7.4–7.5 (Hall-Spencer et al., 2008; Thomsen et al., 2010). Some organisms can
experience even lower pH-values in nature as shown for the oyster Ostrea chilensis10

(Chaparro et al. 2009). During valve closure and isolation of the brood chamber, the
brooded veligers were exposed to pH-values as low as 7.0.

Although many marine organisms shows a high tolerance to variations in pH, several
experimental studies conducted over the last decade have shown negative effects of
OA, especially on calcifying organisms (Kroeker et al. 2010). Effects of elevated pH15

levels are shown on a range of marine invertebrates, (embryonic and larval develop-
ment in marine molluscs – Byrne, 2012; Ericson et al., 2010; Gaylord et al., 2011;
Gazeau et al., 2011; Kurihara, 2008; Kurihara et al., 2007, 2009; Waldbusser et al.,
2010; and effect on other invertebrates – Bechmann et al., 2011; Dupont et al., 2010;
Hoegh-Guldberg et al., 2007; Pane and Barry, 2007). Especially larval stages of bi-20

valves seem to be extremely sensitive to enhanced levels of pCO2 (Fabry et al., 2008;
Talmage and Gobler, 2009, 2010, 2011), and most studies have shown decrease in
survival, shell growth, and normal larval development. Some studies have also shown
a negative effect on shell thickness and strength (Chaparro et al., 2009; Gaylord et al.,
2011; Welladsen et al., 2010), calcification (Ries et al., 2009), lipid synthesis (Talmage25

and Gobler, 2011), and energy stores (Dickinson et al., 2012). The extreme sensi-
tivity of bivalve larvae may be connected to the carbonate composition of the larval
shell. Weiss et al. (2002) showed that larval shells (3–13 days old) of two bivalve larvae
contained amorphous calcium carbonate in addition to aragonite. The dissolution of
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amorphous calcium carbonate is more rapid than aragonite, and even more so than
calcite, when pCO2 increases.

Acidification studies indicate both within-population (Chan et al. 2011) and species
specific variation in sensitivity (Kurihara et al., 2009; Ries et al., 2009; Talmage and
Gobler, 2009; Gazeau et al., 2011). Thomsen et al. (2010) showed in a survey study5

that calcifying keystone species may be able to handle OA in the magnitude projected
for the end of this century when food supply is sufficient. However, when Ries et al.
(2009) investigated the effects of OA on a broad range of 18 benthic marine organisms,
they found that net calcification rate increased in seven species indicating a highly
species specific response to OA.10

Waldbusser et al. (2010) showed that the negative effect of OA on calcification in
a hard clam, Mercenaria spp., depended on size (390 µm–2.9 mm), and also that there
was a difference in calcification rate between two populations of the hard clam. Differ-
ences in populations were also shown by Walther et al. (2010) for larvae of the spider
crab Hyas araneus from different latitudes (Svalbard and Helgoland). These studies15

indicate that genetics also may play a key role in the success of coping with OA.
The numerous reports on effects of OA are slowly building up a picture of how ma-

rine coastal ecosystems may be affected (biodiversity, functioning and service) in the
future. It is crucial to gain more knowledge about the effects on marine organisms in
order to get realistic projections of future changes of the marine food web. Together20

with mussels and oysters, several scallop species are also economically important in
global aquaculture production (Bourne, 2000; FAO, 2010), in addition to be important
calcifyers in the marine ecosystem. A negative effect on early life stages may not only
be detrimental to recruitment and endanger the species survival, but also result in eco-
nomic loss due to a collapse in global shellfish aquaculture production (Gazeau et al.,25

2010).
The great scallop (Pecten maximus Lamarck) is distributed south from the Iberian

Peninsula up to Lofoten in Norway in the north and found in highest abundances at
20–40 m depth in shell sand areas. The larvae are pelagic for about 15–32 days at

3284

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 3281–3310, 2013

Effect of increased
pCO2 on early shell

development

S. Andersen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

temperatures of 15–18 ◦C (Comely, 1972; Le Pennec et al., 2003). The great scallop is
a high-valued sea food product and has been cultured for more than 25 yr in Norway.
Extended research effort during the same period makes it an excellent candidate for
OA studies (Andersen et al., 2011).

Most studies on mollusk larvae focus on effects on shell formation (Kurihara et al.,5

2007, 2009; Kurihara, 2008; Ericson et al., 2010; Waldbusser et al., 2010; Byrne, 2012;
Gaylord et al., 2011; Gazeau et al., 2011). The shell that starts to evolve at the end of
the trochophore stage consists of proteins (Bellioli et al., 1993; Casse et al., 1998). In
pectinids it is calcified within less than a day, at the the veliger stage (Cragg, 2006). If
calcification is the actual process being affected, effects on the shell formation should10

be detected only after the stage when the calcification starts. The onset of calcification
can be determined by the use of an epifluorescent dye, calcein that bonds to calcium
in metabolic active individuals (Körbl and Vydra, 1958; Day et al., 1995; Lucas et al.,
2008; Chaparro et al., 2009). Calcein has little or no effect on mollusc larvae survival
or growth (Moran, 2000; Moran and Marko, 2005; Chick, 2010; Fitzpatric et al., 2010).15

The aim of the present study was to report the effect of elevated pH levels on scallop
Pecten maximus Lamarck larvae survival, growth and shell development from fertilized
eggs to seven days old veligers. Three acidification levels were used based on the
predicted drop of 0.5 units from today to year 2250 (IPCC, 2001; Caldeira and Wickett,
2003). The exact initiation of calcification in P. maximus larvae is still unknown, thus20

calcein staining of larvae was tested as a method to elucidate this question.

2 Material and methods

Local broodstock were collected in January 2012 from the outer Hardangerfjorden,
located on the south-western coast of Norway. The scallops were conditioned for eight
weeks at 12.0–12.5 ◦C and fed 13–15 cells µL−1 of a standard diet containing Isochrysis25

galbana (Tahitian), Pavlova lutheri and Chaetoceros mulleri (Andersen et al., 2011).
Spawning was induced on 21 March by increasing the temperature to 16–17 ◦C, and
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eggs were cross fertilized with a mixture of sperm from 2–3 individuals. Egg number
was determined by counts in 10 subsamples of 50 µL, and 13 fertilized eggs mL−1 were
incubated in 38 L exposure tanks at ambient pH 7.98 (control) and mean pH-levels of
7.71, 7.64, and 7.51 (table 1). Mean temperature (± sd) was 15.6±0.3 ◦C (n = 495). The
tanks were circular with slightly conical bottom, resulting in a depth difference of 22 mm5

between tank center and edge. The inner tank diameter was 500 mm, and water depth
was 226–257 mm at the tank edge. Four replicates were used per pH-level, and the flow
rate was set to 10 Lh−1 per exposure tank. To prevent escape of embryos, water flow
in the experimental tanks was turned off over night at incubation of the fertilized eggs.
A slow flow (< 10 Lh−1) was re-established after 10.5 h, and then increased to 15 Lh−1

10

(flow meter readings) after another 3.3 h. Slow bubbling was introduced at the tank
bottom through a perforated plastic tube. Larvae were not fed during the experimental
period.

Seawater at different pH levels was produced by mixing seawater with an acid stock
solution of pH 5.80, made from mixing CO2-gas and seawater with an ambient pH of15

7.95. The pH in each mixing tank was continuously adjusted to pre-set pH levels by
addition of stock solution with dosage pumps (IWAKI) controlled by feedback from pH
electrodes to pH transmitters (Endress and Hauser). The different water qualities were
distributed by gravity to the exposure tanks via four high mounted header tanks. The
water level in header and mixing tanks was kept constant by flotation valves, and water20

was pumped in a loop between the mixing tanks and header tanks. Water flow in the
loop was much higher than the flow from header tanks to the exposure tanks, in order
to keep the pH-level constant in the header tanks.

Exposure tanks were illuminated continuously by fluorescent tubes (Philips TL-D
18w/830) 110 cm above the tanks. Light was dispersed through an opaque sheet of25

polycarbonate 70 cm above the exposure tanks.
The pH-level in each exposure tank was measured daily in a 100 ml sample us-

ing a Mettler Toledo, and total alkalinity (TA) was analyzed in four replicate samples
on 9, 15 and 26 March 2012 by a Titralab, Radiometer. Salinity was measured by
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a WTW LF330 Conductivity meter, and temperature recorded every hour using a four
detector (one in air and three in exposure tanks) EBI – 1 Ebro 4 temperature logger.
The pCO2 (ppm) corresponding to the pH-values were calculated from the daily aver-
age temperature (◦C) based on hourly recordings, salinity, TA and pH using the macros
in Ernie Lewis’ “CO2SYS.BAS” Basic Program (Pierrot et al., 2006).5

Larvae samples were taken after 1, 2, and 6 days after carefully stirring from bottom
to top using a plunger. A 50 mm diameter pipe was lowered to the bottom and both
ends were plugged before the pipe was pulled out of the water, collecting a volume of
350 mL. To determine timing of shell calcification, larvae from the control tanks were
stained overnight (18–20 h) from day 1 to day 2. At day 2 a total volume of 700 mL10

were withdrawn to classify larval deformities. Sampling was carried out so that the total
volume withdrawn from each replicate was identical. When terminating the experiment
after 7 days, tanks were drained and a total sample from each replicate were collected
and preserved to determine final shell size, survival, and classify deformities.

When collected for preservation, embryos and larvae were retained on 35 µm mesh15

screen and preserved in 4 % formalin (diluted from 36.5 % formaldehyde solution,
Sigma-Aldrich, cat. no. 33220) in PSB for two hours, rinsed twice in 70 % ethanol and
then kept in 70 % ethanol until the ratio of developmental stages were investigated.
The formalin was made from mixing 8.14 g di-sodium hydrogen phosphate dehydrate
(Na2HPO4 ∗2H2O, Merck 1.06580.1000), 4.00 g sodium di-hydrogen phosphate mono-20

hydrate (NaH2PO4∗H2O, Merck 1.06346.1000) with 100 mL of 37 % formalin in 900 mL
distilled water.

For staining of calcium, 20 ml calcein stock solution was added to the 350 mL of
seawater with larvae, giving a final calcein concentration of 25 mgL−1. A calcein stock
solution was made from mixing 1 g calcein (Sigma C0875-5G) in 1 L distilled water25

adjusted to pH 7.0 using a Sodium bicarbonate (NaHCO3, Merck 1.06329.1000) solu-
tion of 8.4 g in 500 ml distilled water (Moran, 2000; Moran and Marko, 2005; Fitzpatrick
et al., 2010).
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Preserved and live (calcein stained) larvae were photographed using a Canon EOS
5D Mark II camera attached to an Olympus BX60 microscope. Final shell length (par-
allel to the hinge) and height (perpendicular to the hinge) were measured in 21–60
individuals to the nearest 0.1 µm from printed photographs. Survival was estimated by
concentrating all day 7 larvae in 25–110 ml and count the number in 10 subsamples5

of 50 µL. Preserved larvae photographed at 100 magnifications using bright field, were
classified according to shell shape and counted. Number of individuals classified on
day 2 (trochophores) was 76–150, and 46–178 individuals were examined on day 7.

Live, calcein stained larvae were photographed at 10×40 magnification using an
U-MSWB2 cube filter (excitation 420–440, emission 475) and UV light to show yellow-10

green fluorescence when calcein bonded with calcium (Moran, 2000; Moran and
Marko, 2005; Fitzpatrick et al., 2010).

Statistica version 11 (Statsoft Inc.) were used to run statistical tests. Shapiro-Wilk’s
W test of normality was used, and normality was also checked by inspection of box-
plots. All percentage data were arc-sin transformed to meet the assumption of normal-15

ity. Effects of pCO2 on all parameters were tested using a simple linear regression. In
addition, one-way ANOVA was used to test differences in survival between groups, to
find groups different from ambient.

3 Results

3.1 Variation in pCO2-values20

The mean pH-values and the corresponding mean calculated pCO2 are given in Ta-
ble 1. The pCO2-values for the elevated groups showed a sharp decrease during the
first night due to a discontinuation in seawater flow in the exposure tanks (Fig. 1). This
drop in pCO2 (delta, ∆, pCO2) increased with increasing pCO2-levels, and fell from
a mean of 2534 to 1225 ppm (∆pCO2 of 1309 ppm) in the highest pCO2-group. The25

ambient group showed only an insignificant ∆pCO2 of 20 ppm. Naturally, the variation
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in pCO2-values given as the coefficient of variation (CoV), increased with increasing
pCO2-levels, and was higher between days for any given replicate than between repli-
cates on a given day (Table 1).

3.2 Survival and shell size

The survival ratio of day 7 veligers based on the initial number of eggs, reared at am-5

bient pCO2 was 40.4 % and decreased at higher pCO2-levels (Fig. 2). At the highest
pCO2-level the survival was 10.7 %. The relationship between survival and pCO2 was
linear (p < 0.001), and one-way ANOVA showed that survival at ambient pCO2 was
higher than at 821 and 1627 ppm (p < 0.003), but not at 1184 ppm (p = 0.055). Shell
length and height seven days after incubation (day 7) were both negatively affected by10

an increase in pCO2-level (Fig. 3a) as they decreased by 10 and 5 %, respectively,
when pCO2 increased from 477 ppm (ambient) to the highest pCO2 of 1627 ppm.
The shell ratio length : height was not affected, and varied between 1.28 and 1.32 and
(Fig. 3b).

3.3 Shell deformities15

On day 2 an average of 85 % (82–88 %) of examined individuals had developed a shell,
and only 1 % had not developed further from egg stage. The observed shell deformities
were seen on the hinge and edge. The hinge deformity was shown as an indentation
of the hinge centre, making the hinge convex rather than straight (Fig. 4a, b). The
edge deformity was either an indentation of the shell margin centre (Fig. 4c) or on the20

side (Fig. 4d). Some veliger larvae were observed to have both types of deformities.
Preserved larvae were then classified in four groups according to shell shape, and
counted: (1) normal, (2) edge deformities, (3) hinge deformities, and (4) both edge and
hinge deformities. Trochophore larvae were only classified in group 1 and 3, since shell
edge was not visible until the shell valves covered the whole larva (Fig. 4a). In day 725

veligers both hinge and edge deformity was observed.
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Out of the shelled individuals, an average of 28–68 % in the different exposure groups
on day 2 had developed a normal-looking straight hinge. On day 7 the ratio of normal
hinges was higher, 68–95 % for the different pCO2-groups. The ratio of larvae showing
a normal hinge was negatively affected by pCO2 on both days (p < 0.001 for both),
and the lowest ratio was found at the highest pCO2-level (Fig. 5). Ratios of larvae5

classified with different shell deformities or none on day 7 are shown in Fig. 6. On
day 7 shell edge deformities were 30.5–57.4 % for the different pCO2-groups, but there
were no linear relationship between edge deformities and pCO2 (p = 0.941). The mean
ratio of normally shaped larval shells was negatively affected by increasing pCO2, and
decreased from 63.5 to 27.8 % with an increase in pCO2 from 477 to 1627 ppm. The10

ratio of larvae with hinge deformities, and both hinge and edge deformities, increased
significantly when pCO2 increased. Variation within replicates was high in all deformity
classes as the coefficient of variation (CoV) ranged within 5–70 % for all pCO2-levels.

3.4 Calcification

Trochophore larvae (Fig. 7a, b, i) stained with calcein overnight (day 1–2) showed green15

fluorescence when exposed to UV-light (Fig. 7a, b, ii, iii). The fluorescence was highly
concentrated in a small area on each valve, closer to the hinge than the shell margin
centre. Also, there was a weak fluorescence from the total shell area, indicating that
calcification of the protein shell had already started between day 1 and day 2.

4 Discussion20

4.1 Variation in pCO2-level

The rapid decrease in pCO2-values during the first 10 h at the three exposure lev-
els were more pronounced at the highest pCO2-level. The increase was due to both
the discontinuation in seawater flow during the first night, and gas exchange at the
water surface. The drop in pCO2-values (∆pCO2) at the beginning of the experiment25
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increased with increasing pCO2-level. The negative effect of higher pCO2-levels seen
in this study may therefore include an effect of higher ∆pCO2.

4.2 Survival and shell size

The survival ratio of day 7 veligers for the control group reared at ambient pCO2 in
this study was 40.4 %. In comparison, the survival of day 3 veliger in a Norwegian5

hatchery was 25–46 % with an average of 36.7 % of 12 broodstock groups (Magnesen
et al. 2006). This indicates that the larval group used in the present study was viable
and healthy. When the pCO2-level increased from ambient 477 to 1627 ppm, survival
of the day 7 larvae was reduced from 40 % to 10 %. During the same period larvae
shell height and length decreased by about 10 % when pCO2 increased from ambient10

to 1627 ppm.
The reduction in survivorship was much higher compared to larvae of hard clam

(Mercenaria mercenaria), bay scallop (Argopecten irradians) and Eastern oyster (Cras-
sostrea virginica) (Talmage and Gobler, 2009). The highest reduction in survival on day
6–8 for these larvae was 20 % for the oyster larvae at 64 and 150 Pa CO2 (pH 7.83–7.8515

and pH 7.48–7.50, respectively) when ambient conditions was 36 Pa (pH 8.02–8.08).
The reduction in shell growth found in the present study was in accordance with pre-
vious studies (Gaylord et al., 2011; Kurihara et al., 2007, 2009). Gaylord et al. (2011)
found that when pCO2 increased from ambient 380 to 970 ppm the shell area of mus-
sel larvae (Mytilus californianus) at day 5 and day 7 was reduced by 7 % and 5 %,20

respectively. Kurihara et al. (2007) showed the shell length of oyster (C. gigas) larvae
after 48 h to be ca. 20 % smaller at a pCO2 of 2268 µatm (pH 7.42) than at the ambi-
ent 348 µ atm (pH 8.21). Kurihara et al. (2009) also found that shell length of Mytilus
galloprovincialis larvae was reduced by ca. 20 % after six days when pH was reduced
from the ambient 8.05 (14.3 µmol CO2 kg−1) to 7.43 (83.3 µmol CO2 kg−1). A study on25

abalone larvae (Haliotis kamtschatkana) showed that both survival and growth were re-
duced with 40 % at day 8 when pCO2 was elevated from ambient 400 ppm to 800 ppm
(Crim et al., 2011).
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On the contrary, Pacific oyster (Crassostrea gigas) embryos exposed to 1020 and
2171 ppm pCO2 for 72 h until D-veliger stage did not show significant effects on %
hatching (development to D-veliger stage), although values were lowest for larvae ex-
posed to the highest pCO2 level (Gazeau et al., 2011). Neither did (Gazeau et al. 2011)
find significant effects on shell length or shell area for the oyster embryos, although val-5

ues for three replicates were lowest for larvae exposed to the highest pCO2.
Negative environmental stress may also be a result of unfavourable rearing environ-

ment, such as small culture volumes, a stagnant rearing system, and discontinuous
feeding (Andersen et al., 2011). A large part of the work undertaken to investigate ef-
fects of OA on marine mollusc larvae have been carried out in volumes of 50 mL–10 L10

(Kurihara et al., 2007, 2009; Talmage and Gobler, 2009, 2010, 2011; Gaylord et al.,
2011; Gazeau et al., 2011). As mentioned by Wernberg et al. (2012) it may be prob-
lematic that so many experimental studies of ocean acidification effects are undertaken
in relatively small volumes. Although the larvae are small in size, small rearing volumes
may not give sufficiently stable rearing environment, and result in negative environmen-15

tal stress. Exposure tanks in the present study contained 38 L and this may be too small
to keep variations in the rearing environment at a low level. The results for the control
group, however, indicate that the variations were within an acceptable limit.

Thomsen et al. (2010) showed that calcifying keystone species may be able to han-
dle the change in seawater chemistry projected for the end of the century as long as20

food supply is sufficient. Even if our experiment lasted only for seven days after fertiliza-
tion, lack of food is known to affect the energy status of scallop larvae after only three
days (Andersen et al., 2012). The control group at ambient pH seemed to develop nor-
mally, however, the lack of food can be regarded as a stress factor that may push the
larval energy status towards a point where the effects will be visible as slower growth,25

increased mortality and increased shell deformity. The change in water chemistry in
the lower pH-groups to a less favourable level may be the extra stress that pushes the
larvae past this point of visible damage.
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The reduction in larvae shell growth found in the present study is at the lower end
of the scale compared to the referred studies. This may indicate that P. maximus shell
development is not the most sensitive to OA compared to other bivalves. However, the
high reduction in survival may indicate that other physiological processes are highly
affected by OA. The duration of the study was only seven days, thus keeping the scallop5

larvae in the same conditions throughout the larval cycle will elucidate how OA over
a longer term will affect growth and survival and also the ability of going through the
critical metamorphosis stage.

4.3 Shell deformities

The present study observed negative effects of OA on normal larval shell development.10

Watson et al. (2009) found a similar trend in 8 day old Sydney rock oyster Saccostrea
glomerata larvae. Using scanning electron microscopy they found abnormalities on the
shell surface at low pH (7.8 and 7.6). On the contrary, Bechmann et al. (2011) found no
effect of pH 7.6 at 10 ◦C on abnormality to the D-shell stage of mussel larvae compared
to ambient pH 8.1.15

The two shell deformity classes observed in larvae in the present study have previ-
ously been described by His et al. (1997) as “convex hinge” and “indented shell mar-
gins”. Convex hinges were also shown by Kurihara et al. (2007) both in C. gigas larvae
reared under control conditions of pH 8.21 (348 µ atm pCO2) and under exposed con-
ditions of pH 7.42 (2268 µ atm pCO2), although it was not given any attention in the20

study to deformity in the control group. All larvae treated with the high pCO2-level had
an irregular-shaped shell and were considerably smaller than the untreated larvae.
Kurihara (2008) show three types of deformities in day 6 C. gigas veligers: indented
shell margin, protruding mantle and convex hinge, as described in His et al. (1997).
Protruded velum was also described as a deformity or abnormality by His et al. (1997)25

and Spangenberg and Cherr (1996). This classification was not included in the present
study as it may have been caused by the preservation method.
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The higher ratio of normally developed hinges on day 7 compared to day 2 may
be a result of increased mortality of abnormal larvae from day 2 to 7. The variation
between replicates in shell deformities on day 7 independent of pCO2 indicates that
factors in the rearing environment others than pCO2 may have affected shell develop-
ment. Also, larvae in the control group had edge deformities, unrelated to OA. In the5

present study the ratio of normally developed larvae on day 7 was 64 % in the con-
trol group. The common ratio of normal shell development in P. maximus larvae has
been poorly described and is not known. In a control group of oyster (C. gigas) larvae
Kurihara et al. (2007) described that 68 % developed into normal D-shaped veligers,
and 72 % of these larvae had fully mineralized shells after 48 h. This was explained as10

rather low values for the control group, and was explained as a result of using gonadal
stripping to produce the embryos. In a study on M. galloprovincialis Kurihara et al.
(2009) reported abnormal morphology in < 1 % of control larvae.

Increased deformity in mollusc larvae seems to be a general expression of envi-
ronmental and genetic impacts, and deformities are seen in untreated groups in OA15

studies. This may relate to factors in the rearing environment, caused by small rearing
volumes, stagnant systems, addition of antibiotics and pulse feeding. These character-
istics are common for most larval experiments reported (Kurihara et al., 2007, 2009;
Talmage and Gobler, 2009, 2010, 2011; Waldbusser et al., 2010; Gaylord et al., 2011;
Gazeau et al., 2011,).20

Assessing larval deformity has also been used to describe the effects of pollutants
(trace metals, bleached-kraft mill effluent) quantitatively (Conroy et al., 1996; Spangen-
berg and Cherr, 1996; His et al., 1997). Spangenberg and Cherr (1996) reported that
approximately 10 % of the larvae had abnormal larval shell calcification and embryo
morphology in the mussel M. californianus as a response to Ba exposure.25

Self fertilization may also cause an increase in shell deformities. Concha et al. (2011)
describe that malformed larvae of the northern scallop A. purpuratus were negatively
correlated with the selfing rate and the mean temperature of the culture. Shell deformity
has also been shown to be higher (14.1 %) in veliger larvae from inbreeding of the
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mollusk Pacific abalone (Haliotis discus hannai), compared to outbreed groups (5.2 %)
(Kobayashi and Kijima, 2010). The deformities shown in Kobayashi and Kijima (2010)
included both abnormally small shells and an inability to retract the larval body into the
shell, similar to deformities shown in Crim et al. (2011) when larvae of the northern
abalone H. kamtschatkana were exposed to increasing OA.5

In the present study, shell deformities cannot be explained by self fertilization as we
cross fertilized the eggs. Also, the rearing environment was the same in all replicates
except for the difference in pH. No feed or antibiotics were added and the water was not
polluted. Although the ratio of deformed larvae varied highly between the treatments,
the results show a tendency of more shell deformities with increasing pCO2-level.10

4.4 Calcification

The negative effect of OA on larval shell formation may be caused by dissolution of
the calcified shell, a decrease in calcification rate or the organism’s ability to calcify or
a combination of all. Kurihara et al. (2007) reported that some C. gigas larvae reared
under exposed conditions of pH 7.42 showed limited or no mineralization of the shell15

when observed under polarized light in a microscope. Orr et al. (2005) showed shell
dissolution in a live pteropod from the subarctic Pacific that was kept in water under-
saturated with respect to aragonite for 48 h. Nienhuis et al. (2010) suggested that de-
clines in shell weight gain observed in live snails exposed to increasing pCO2 were
due to increased dissolution of existing shell material, rather than a decrease in shell20

production rate. This was based on a shell weight loss per day in empty shells that was
parallel to the decrease in shell weight gain per day in live snails with increasing pCO2
levels.

Range et al. (2011) found no negative effects of increased pCO2 and reduced pH
on net calcification, size or weight of the clam Ruditapes decussatus juveniles in a 7525

days long experimental study. However, the lack of OA effects was explained by the
buffering effect of naturally elevated total alkalinity of local seawater.
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In the present study we confirmed that calcein bonded to the calcium in 1–2 day old
trochophore larvae. However, we were unable to determine the exact time of initiation
of calcification in the larvae. Either the calcification process had started before larvae
were collected or it was initiated during the 18–20 h staining period. Staining embryos
and larvae frequently (e.g. every 5 h) for a shorter period (e.g 3 h) from day 0 to day 25

may reveal more details on the onset of the calcification process.

4.5 Bivalves in a high CO2 world

The rather severe effects of elevated future pCO2 levels on a number of mollusc lar-
vae seem undisputable. Talmage and Gobler (2009) showed that preindustrial levels of
pCO2, 250 ppm, improved the survival for larval M. mercenaria and A. irradians from10

day 7 to 36 compared to the results for the control group at ambient levels (390 ppm).
This indicate that the pCO2 levels of today may already affect bivalve larvae nega-
tively compared to preindustrial levels, and that negative effects of OA is happening
today rather than in the future. Also, OA should be seen in combination with the in-
crease in global ocean temperature (NOAA 2010). Effects of a temperature increase15

may amplify the OA effects or reduce them. Talmage and Gobler (2011) showed that
the negative effects of elevated pCO2 and temperature on survival, growth and lipid
synthesis in larval M. mercenaria and A. irradians were additive. Similarly, elevated
CO2 levels caused a narrowing of the temperature tolerance window in adult spider
crab, H. araneus (Walther et al., 2010).20

Long term studies on larvae of the great scallop P. maximus are needed to elucidate
the effect of OA throughout the larvae stages, metamorphosis and settlement. Such
studies should involve assessment of energy budget, take place in facilities that pro-
vides the animals with sufficient space and nutrition for a normal development, and
include studies of temperature effects. Effects on important processes for survival,25

such as immune defence functions, feeding rate, and shell strength should also be in-
cluded. More studies using calcein at the earliest larvae stages (day 0–2) are needed
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to increase the knowledge about the onset of larval shell calcification process that is
crucial to the existence of calcifying organisms.
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Chan, K. Y., Grünbaum, K. D., and O’Donnell, M.: Effects of ocean-acidification-induced
morphological changes on larval swimming and feeding, J. Exp. Biol., 214, 3857–3867,
doi:10.1242/jeb.054809, 2011.

Chaparro, O. R., Montory, J. A., Segura, C. J., and Pechenik, J. A.: Effect of reduced pH on
shells of brooded veligers in the estuarine bivalve Ostrea chilensis (Philippi, 1845), J. Exp.5

Mar. Biol. Ecol., 377, 107–112, doi:10.1016/j.jembe.2009.07.001, 2009.
Chick, R. C.: Batch tagging blacklip abalone (Haliotis rubra) for identification of harchery-reared

individuals on natural coastal reefs in New South Wales, Australia, J. Shellfish Res., 29, 209–
215, 2010.

Comely, C. A.: Larval culture of the scallop, Pecten maximus, J. Cons. Int. Explor. Mer. 34,10

365–378, 1972.
Concha, C., Figueroa, E., and Winkle, F. M.: Association between self-fertilization rates and the

frequency of malformed larvae in farmed populations of the northern scallop Argopecten pur-
puratus (Lamarck, 1819), Lat. Am. J. Aquat. Res., 39, 327–337, doi:10.3856/vol39-issue2-
fulltext-14, 2011.15

Conroy, P. T., Hunt, J. W., and Anderson, B. S.: Validation of a short-term toxicity test endpoint
by comparison with longer-term effects on larval red abalone Haliotis rufescens, Env. Toxicol.
Chem., 15, 1245–1250, doi:10.1002/etc.5620150733, 1996.

Cragg, S. M.: Development, physiology, behavior, and ecology of scallop larvae, in: Scallops:
Biology, Ecology, and Aquaculture, edited by: Shumway, S. E. and Parsons, G. J., Elsevier,20

Amsterdam, 45–122, 2006.
Crim, R. N., Sunday, J. M., and Harley, C. D. G.: Elevated seawater CO2 concentrations im-

pair larval development and reduce larval survival in endangered northern abalone (Haliotis
kamtschatkana), J. Exp. Mar. Biol. Ecol., 400, 272–277, 2011.

Day, R. W., Williams, M. C., and Hawkes, G. P.: A comparison of fluorochromes for marking25

abalone shells, Mar. Freshwater Res., 46, 599–605, 1995.
Dickinson, G. H., Ivanina, A. V., Matoo, O. B., Pörtner, H. O., Lannig, G., Bock, C., Beniash, E.,

and Sokolova, I. M.: Interactive effects of salinity and elevated CO2 levels on juvenile eastern
oysters, Crassostrea virginica, J. Exp. Biol., 215, 29–43, doi:10.1242/jeb.061481, 2012.

Dupont, S., Ortega-Mart́ınez, O., and Thorndyke, M.: Impact of near-future ocean acidification30

on echinoderms, Ecotoxicology, 19, 449–462, doi:10.1007/s10646-010-0463-6, 2010.
Ericson, J. A., Lamare, M. D., Morley, S. A., and Barker, M. F.: The response of two ecologi-

cally important Antarctic invertebrates (Sterechinus neumayeri and Parborlasia corrugates)

3298

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1242/jeb.054809
http://dx.doi.org/10.1016/j.jembe.2009.07.001
http://dx.doi.org/10.3856/vol39-issue2-fulltext-14
http://dx.doi.org/10.3856/vol39-issue2-fulltext-14
http://dx.doi.org/10.3856/vol39-issue2-fulltext-14
http://dx.doi.org/10.1002/etc.5620150733
http://dx.doi.org/10.1242/jeb.061481
http://dx.doi.org/10.1007/s10646-010-0463-6


BGD
10, 3281–3310, 2013

Effect of increased
pCO2 on early shell

development

S. Andersen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to reduced seawater pH: effects on fertilization and embryonic development, Mar. Biol., 157,
2689–2702, 2010

Fabry, V. J., Seibel, B. A., Feely, R. A., and Orr, J. C.: Impacts of ocean acidification on marine
fauna and ecosystem processes, ICES J. Mar. Sci., 65, 414–432, 2008.

FAO: Food and Agriculture Organization of the United Nations, Fisheries and Aquaculture In-5

formation and Statistics Service, Rome, Italy, 2010.
Fitzpatrick, M. P., Jeffs, A. G., and Dunphy, B. J.: Identification of the optimal fluorochrome for

marking larvae of the pulmonate limpet Siphonaria australis, J. Shellfish Res., 29, 941–944,
doi:10.2983/035.029.0427, 2010.

Gaylord, B., Hill, T. M., Sanford, E., Lenz, E. A., Jacobs, L. A., Sato, K. N., Russell, A. D., and10

Hettinger, A.: Functional impacts of ocean acidification in an ecologically critical foundation
species, J. Exp. Biol., 214, 2586–2594, doi:10.1242/jeb.055939, 2011.

Gazeau, F., Gattuso, J.-P., Dawber, C., Pronker, A. E., Peene, F., Peene, J., Heip, C. H. R.,
and Middelburg, J. J.: Effect of ocean acidification on the early life stages of the blue mussel
Mytilus edulis, Biogeosciences, 7, 2051–2060, doi:10.5194/bg-7-2051-2010, 2010.15

Gazeau, F., Gattuso, J.-P., Greaves, M., Elderfield, H., and Peene, J.: Effect of carbonate chem-
istry alteration on the early embryonic development of the Pacific oyster (Crassostrea gigas),
PLoS ONE, 6, e23010, doi:10.1371/journal.pone.0023010, 2011.

Hall-Spencer, J. M., Rodolfo-Metalpa, R., Martin S., Ransome, E., Fine, M., Turner, S. M.,
Rowley, S. J., Tedesco, D., and Buia, M.-C.: Volcanic carbon dioxide vents show ecosystem20

effects of ocean acidification, Nature, 454, 96–99, doi:10.1038/nature07051, 2008.
His, E., Seaman, M. N. L., and Beiras, R.: A simplification the bivalve embryogenesis and larval

development bioassay method for water quality assessment, Wat. Res., 31, 351–355, 1997.
Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E.,

Harvell, C. D., Sale, P. F., Edwards, A. J., Caldeira, K., Knowlton, N., Eakin, C. M.,25

Iglesias-Prieto, R., Muthiga, N., Bradbury, R. H., Dubi, A., and Hatziolos, M. E.:
Coral reefs under rapid climate change and ocean acidification, Science, 318, 1737,
doi:10.1126/science.1152509, 2007.

IPCC: Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the
Third Assessment Report of the Intergovermental Panel on Climate Change, edited by:30

Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J., Dai, X., Maskell, K.,
and Johnson, C. A., Cambridge University Press, Cambridge, UK and New York, NY, USA,
881 pp., 2001.

3299

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.2983/035.029.0427
http://dx.doi.org/10.1242/jeb.055939
http://dx.doi.org/10.5194/bg-7-2051-2010
http://dx.doi.org/10.1371/journal.pone.0023010
http://dx.doi.org/10.1038/nature07051
http://dx.doi.org/10.1126/science.1152509


BGD
10, 3281–3310, 2013

Effect of increased
pCO2 on early shell

development

S. Andersen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Kobayashi, T. and Kijima, A.: Effects of inbreeding depression in Pacific abalone Haliotis discus
hannai, J. Shellfish Res., 29, 643–649, 2010.

Kurihara, H.: Effects of CO2-driven ocean acidification on the early developmental stages of
invertebrates, Mar. Ecol. Prog. Ser., 373, 275–284, doi:10.3354/meps07802, 2008.

Kurihara, H., Kato, S., and Ishimatsu, A.: Effects of increased seawater pCO2 on early develop-5

ment of the oyster Crassostrea gigas, Aquat. Biol., 1, 91–98, doi:10.3354/ab00009, 2007.
Kurihara, H., Asai, T., Kato, S., and Ishimatsu, A.: Effects of elevated pCO2 on early develop-

ment in the mussel Mytilus galloprovincialis, Aquat. Biol., 4, 225–233, doi:10.3354/ab00109,
2009.

Körbl, J. and Vydra, F.: Metallochromic indicators. IV. A note on the preparation and properties10

of “calcein”, Collect. Czech Chem. C., 23, 622–627, 1958.
Kroeker, K. J., Kordas, R. L., Crim, R. N., and Singht, G. G.: Meta-analysis reveals negative

yet variable effects of ocean acidifications on marine organisms. Ecol. Lett., 13, 1419–1434,
2010.

Le Pennec, M., Paugam, A., and Le Pennec, G.: The pelagic life of pectinid Pecten maximus –15

a review, ICES J. Mar. Sci. 60, 211–223, 2003.
Lucas, T., Palmer, P. J., Wang, S., Scoones, R., and O’Brien, E.: Marking the shell of the saucer

scallop Amusium balloti for sea ranching using oxytetracycline, calcein and Alizarin red, J.
Shellfish Res., 27, 1183–1188, 2008.

Magnesen, T., Bergh, Ø., and Christophersen, G.: Yields of great scallop, Pecten maximus,20

larvae in a commercial flow-through system in Norway, Aquacult. Int., 14, 377–394, 2006
Moran, A. L.: Calcein as a marker in experimental studies newly-hatched gastropods, Mar. Biol.,

137, 893–898, doi:10.1007/s002270000390, 2000.
Moran, A. L. and Marko, P. B.: A simple technique for physical marking of larvae of marine

bivalves, J. Shellfish Res., 24, 567–571, 2005.25

Nienhuis, S., Palmer, A. R., and Harley, C. D. G.: Elevated CO2 affects shell dissolu-
tion rate but not calcification rate in a marine snail, Proc. R. Soc. B, 277, 2553–2558,
doi:10.1098/rspb.2010.0206, 2010.

NOAA National Climatic Data Center, State of the Climate: National Overview for Annual 2010,
available at: http://www.ncdc.noaa.gov/sotc/2010/13, 2010.30

Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, R. A., Gnanadesikan, A., Gru-
ber, N., Ishida, A., Joos, F., Key, R. M., Lindsay, K., Maier-Reimer, E., Matear, R., Monfray, P.,
Mouchet, A., Najjar, R. G., Plattner, G.-K., Rodgers, K. B., Sabine, C. L., Sarmiento, J. L.,

3300

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3281/2013/bgd-10-3281-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.3354/meps07802
http://dx.doi.org/10.3354/ab00009
http://dx.doi.org/10.3354/ab00109
http://dx.doi.org/10.1007/s002270000390
http://dx.doi.org/10.1098/rspb.2010.0206
http://www.ncdc.noaa.gov/sotc/2010/13


BGD
10, 3281–3310, 2013

Effect of increased
pCO2 on early shell

development

S. Andersen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Schlitzer, R., Slater, R. D., Totterdell, I. J., Weirig, M.-F., Yamanaka, Y., and Yool, A.: Anthro-
pogenic ocean acidification over the twenty-first century and its impact on calcifying organ-
isms, Nature, 437, 681–686, doi:10.1038/nature04095, 2005.

Pane, E. F. and Barry, J. P.: Extracellular acid-base regulation during short-term hypercapnia
is effective in a shallow-water crab, but ineffective in a deep-sea crab, Mar. Ecol-Prog. Ser.,5

334, 1–9, 2007.
Pierrot, D. E., Lewis, D. W., and Wallace, R.: MS Excel Program Developed for CO2

System Calculations. ORNL/CDIAC-105a. Carbon Dioxide Information Analysis Center,
Oak Ridge National Laboratory, US Department of Energy, Oak Ridge, Tennessee,
doi:10.3334/CDIAC/otg.CO2SYS XLS CDIAC105a, 2006.10

Range, P., Chı́charo, M. A., Ben-Hamadou, R., Piló, D., Matias, D., Joaquim, S., Oliveira, A. P.,
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Table 1. The pH-values (mean ± sd) from daily measurements for seven days in four (∗three)
tanks per group, and the corresponding calculated pCO2. Ambient pH was 7.98. CoV (sd as %
of mean) is shown for variation between days (d) for given replicates, and between replicates
(r) for given days.

pH pCO2 (ppm) CoV (d) CoV (r)

7.98±0.01 477±9 1.1–2.2 0.0–2.2
7.78±0.05 821±108 12.5–15-9 1.3–11.4
∗7.64±0.07 1184±222 18.9–20.6 1.4–11.4
7.51±0.10 1627±429 23.3–33.7 1.2–13.8
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Fig. 1. Mean daily pCO2 in the control (ambient, 477 ppm) and three elevated pCO2-groups,
821, 1184 and 1627 ppm. Error bars are sd, n = 4 except for the 1184 ppm-group (n = 3).
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Fig. 2. Survival of day 7 larvae based on the number of eggs incubated. Values are mean
(n = 4, ∗n = 3), error bars are sd.
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Fig. 3. Shell size (A) given as shell length (SL) and shell height (SH), and the ratio (B) shell
length : shell height (SL/SH) for day 7 veligers at different pCO2 levels. Values are mean, n = 4
except for the 1184 ppm-group (n = 3), and error bars are sd. Linear regressions are only drawn
for significant slopes.
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Figure 4. 718 
 719 
 720 

721 

a          b 
 
 
 
 
 
 
 
 
 
 
c          d 

Fig. 4. Shell deformity classes observed in Pecten maximus larvae. Hinge deformity in formalin
preserved larvae: (a) day 2 trochophore larva; (b) day 3 veliger larva. Edge deformity in live
larvae: (c) shell edge centre of a day 7 veliger larva; and (d) shell edge side of a day 6 veliger
larva. The scale bar is 50 µm in (a) and (b), and 100 µm in (c) and (d).
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Fig. 5. Ratio of larvae (%) with a normal hinge on day 2 (d2) and day 7 (d7) based on the total
number, at four different levels of pCO2 (ppm). Values are mean, n = 4 except for the 1184
ppm-group on day 7 (n = 3), and error bars are sd.
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Fig. 6. Ratio (%) of normal shells and different shell deformities on day 7. The group “both”
includes both edge and hinge deformities that are not included in either “edge” nor “hinge”.
Values are mean, n = 4 except for the 1184 ppm-group (n = 3), and error bars are sd. Linear
regressions are only drawn for significant slopes.
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Fig. 7. Stereomicroscopic images of live trochophore larvae stained with calcein from day 1
and overnight (18–20 h). (A) a side view with the hinge area (h) oriented towards the upper
left corner and a newly formed shell valve on each side (arrows); (B) shows the hinge area
(h) and early shell formation (arrow); using (i) bright field; (ii) bright field and UV-light; (iii) UV-
light. Green colour in UV-light (fluorescence) shows areas containing calcium. The scale bar is
50 µm, and magnification is the same for all photographs.
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