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Abstract

We present experiments that examined the metamorphosis, growth, and survivorship of larvae from three
species of commercially and ecologically valuable shellfish (Mercenaria mercenaria, Argopecten irradians, and
Crassostrea virginica) at the levels of CO2 projected to occur during the 21st century and beyond. Under CO2

concentrations estimated to occur later this century (,66 Pa, 650 ppm), M. mercenaria and A. irradians larvae
exhibited dramatic declines (.50%) in survivorship as well as significantly delayed metamorphosis and
significantly smaller sizes. Although C. virginica larvae also experienced lowered growth and delayed
metamorphosis at ,66 Pa CO2, their survival was only diminished at ,152 Pa CO2. The extreme sensitivity of
larval stages of shellfish to enhanced levels of CO2 indicates that current and future increases in pelagic CO2

concentrations may deplete or alter the composition of shellfish populations in coastal ecosystems.

The combustion of fossil fuels and the resultant increase
in atmospheric CO2 during the past century has had a
multitude of effects on this planet, including acidification
of the world’s oceans. The oceans have absorbed nearly
half of the anthropogenically produced CO2 during the past
century (Sabine et al. 2004), altering its inorganic carbon
chemistry and pH. Model simulations indicate that
combustion of the world’s fossil fuel supply in the coming
centuries could result in a fivefold increase in atmospheric
CO2 levels to nearly 203 Pa (2000 ppm) and a decrease in
surface ocean pH by 0.77 units (Caldeira and Wickett
2003). This decline in the pH of surface waters will
concurrently reduce carbonate ion (CO 2{

3 ) concentrations
and the degree of calcium carbonate (CaCO3) saturation
(V) in surface waters, with potentially negative consequenc-
es for CaCO3-synthesizing marine organisms.

Although levels of CO2 in marine environments will
continue to rise during this century, organisms in some
coastal zones are already exposed to high levels of CO2.
Many estuaries are ‘net heterotrophic’ as a result of
terrestrial, riverine, and wetland supplements of allochtho-
nous carbon (Gattuso et al. 1998; Ram et al. 2003; Koch
and Gobler 2009), which can lead to waters that are
supersaturated with CO2. Moreover, in temperate coastal
zones, many bivalve mollusks, such as Eastern oysters
(Crassostrea virginica [Gmelin 1791]), bay scallops (Argo-
pecten irradians [Lamarck 1819), and hard clams or
northern quahogs (Mercenaria mercenaria [Linnaeus
1758]) spawn during summer (Kennedy and Krantz 1982;
Bricelj et al. 1987; Kraeuter and Castagna 2001), when the
net heterotrophic nature of these systems is maximal
(Blight et al. 1995; Ram et al. 2003; Thomas et al. 2004).
Additionally, coastal upwelling and riverine discharge can
result in coastal waters with CO2 levels exceeding 101 Pa
and with subsaturating levels of CO 2{

3 (Feely et al. 2008;
Salisbury et al. 2008). Hence, it is likely that CaCO3-

synthesizing organisms in coastal zones are often chal-
lenged with high levels of CO2 and low levels of pH and
carbonate ion.

Calcite and aragonite are the primary biogenic forms of
calcium carbonate in ocean animals. Studies to date have
documented shell dissolution in pteropods (aragonite) as
well as in calcifying coccolithophores (calcite) with
increasing CO2 and decreases in CaCO3 saturation
(Riebesell et al. 2000; Orr et al. 2005). Decreases in
CO 2{

3 concentrations can reduce the ability of reef-
building corals to produce CaCO3 skeletons (Kleypas et
al. 2006). Sediments undersaturated with respect to
aragonite can cause enhanced mortality of juvenile clams
(M. mercenaria; Green et al. 2004), and settlement of Mya
arenaria has been shown to increase when sediment
saturation states are increased by buffering from crushed
M. arenaria shells, indicating that juvenile settlement is
influenced by CO2 levels (Green et al. 2009). Moreover,
elevated CO2 can cause decreased calcification rates in
mussels (Mytilus edulis) and oysters (Crassostrea gigas;
Gazeau et al. 2007) and decreased growth and metabolic
rates in mussels (Berge et al. 2006). The earliest develop-
mental stages of calcifying marine organisms also may be
highly sensitive to increased CO2. Experimentally enhanced
CO2 has been shown to decrease the development rate of
Pacific oyster larvae (C. gigas; Kurihara et al. 2007) and to
have negative effects on the early development of sea
urchins (Hemicentrotus pulcherrirnus, Echinometra mathaei;
Kurihara 2008). C. virginica larvae have displayed smaller
shell area when exposed to the CO2 levels predicted for the
end of the 21st century (Miller et al. 2009). To date, no
study has examined the effects of the CO2 levels predicted
to occur this century on the metamorphosis, growth, and
survival of larval shellfish.

This study investigated the effects of increasing CO2

levels on the growth and survival of the larvae of three
species of CaCO3-synthesizing bivalves: the hard clam (M.
mercenaria), the Eastern oyster (C. virginica), and the bay* Corresponding author: stalmage@ic.sunysb.edu
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scallop (A. irradians). These shellfish are important
economic resources and ecosystem engineers in shallow
coastal waters (Newell 2004). Larvae represent an impor-
tant life stage for shellfish populations, as reductions in the
growth and survival of larvae have the potential to
translate into declines in adult populations (Gosselin and
Qian 1997; Schneider et al. 2003; Arnold 2008). We
conducted a series of experiments to determine how CO2

levels estimated to occur this century (,41–76 Pa) and
through the year 2250 (,152 Pa) (Caldeira and Wickett
2003; Zeebe et al. 2008) would affect larval survival,
growth, and metamorphosis into juvenile stages.

Methods

Carbon dioxide treatments and measurements—A gas
proportionator system (Cole ParmerH Flowmeter system,
multitube frame) was used to deliver CO2 gas to seawater
treatments at multiple rates. The gas proportionator mixed
appropriate flow rates of 5% carbon dioxide gas and
pressurized air (,39 Pa CO2) to yield the concentrations of
carbon dioxide desired for experiments at a net flow rate
that resulted in a total volume of gas (350 6 5 mL min21),
which turned over the volume of experimental beakers
.100 times daily. For experiments, the CO2 gas mixtures
from the proportionator system were continuously deliv-
ered to the bottom of four replicated, polypropylene 1-liter
beakers containing 0.2-mm filtered seawater from eastern
Shinnecock Bay, New York. Control containers were
continuously bubbled with air at the same rate as the
treatment containers with elevated levels of CO2. With
continuous bubbling, all treatment beakers were saturated
with respect to oxygen (,8 mg L21). To quantify precise
CO2 levels attained in experimental beakers, seawater in
beakers was bubbled for 24 h and then analyzed before (no
larvae or phytoplankton in seawater) and immediately after
(larvae removed, phytoplankton present) each experiment
using an EGM-4 Environmental Gas AnalyzerH (PP
Systems) system that quantifies total dissolved inorganic
carbon levels after separating the gas phase from seawater
using a Liqui-CelH Membrane (Membrana). Levels of CO2

were subsequently calculated based on measured levels of
total inorganic carbon, pH (total scale; mol kg seawater21),
temperature (,24uC), salinity (,28), and first and second
dissociation constants of carbonic acid in seawater,
according to Roy et al. (1993), using the program CO2SYS
(http://cdiac.ornl.gov/ftp/co2sys/). All beakers were also
monitored daily for pH level using an OaktonH or Thermo
Scientific Orion Star SeriesTM Benchtop pH meter (60.01
and 0.001, respectively) to provide further assurance that
constant CO2 levels were administered throughout the
experiment. For comparison of the levels of CO2 admin-
istered during experiments to those found today in coastal
zones, bi-weekly measurements of total inorganic carbon,
pH, temperature, and salinity were made in eastern
Shinnecock Bay (40.87uN, 72.45uW) during the typical
shellfish spawning period (June through September; Ken-
nedy and Krantz 1982; Bricelj et al. 1987; Kraeuter and
Castagna 2001). Water samples were collected at 12:00
(61 h) on each sampling day from 0.5 m below the water

column using a Van Dorn bottle. Water was immediately
transferred without bubbling to 300-mL borosilicate bottles
and measured for total inorganic carbon, as described
above. Levels of CO2 were estimated as described above
using CO2SYS.

Experimental design—Experiments were conducted using
three species of bivalves: M. mercenaria, C. virginica, and
A. irradians. For each experiment, three levels of carbon
dioxide were administered: a high level (,152 Pa CO2),
predicted for the year 2250; a moderate level (,66 Pa
CO2), predicted for the year 2100 (Caldeira and Wickett
2003; Zeebe et al. 2008); and ambient air (,39 Pa CO2). An
additional experiment was conducted in which the range of
CO2 levels predicted during this century (,41, 51, 61, and
71 Pa; Joos et al. 1999) were administered to M. mercenaria
larvae. A. irradians, C. virginica, and M. mercenaria larvae
were obtained from the East Hampton Shellfish Hatchery
(East Hampton, New York) 24 h after fertilization.

As a food source, a culture of Isochrysis galbana
(Tahitian strain, T-Iso) was maintained in exponential
phase growth using standard culture conditions and was
added at a density of 2 3 107 cells daily to each
experimental beaker (2 3 104 mL21). This algal species
administered at this density and at this rate is known to
produce high growth rates and survivorship of shellfish
larvae through metamorphosis (Carriker 2001; Cragg 2006;
Padilla et al. 2006). To promote the high survivorship, none
of the containers that were in contact with larvae were
exposed to chemicals or detergents (Padilla et al. 2006). To
discourage the growth of bacteria during experiments, an
antibiotic solution (Sigma-Aldrich No. 4083; 5000 units of
Penicillin, 5 mg of Streptomycin, and 10 mg of Neomycin
per milliliter of solution) was added to each beaker at 1% of
its original concentration at the beginning of each
experiment and at the time of each water change
(approximately two times weekly). This antibiotic mixture
at this concentration has been shown to have no negative
effects on the growth and survivorship of shellfish larvae
(Padilla et al. 2006).

For each experiment, approximately 100 larvae were
distributed to each experimental beaker. Each treatment
began with approximately 900 mL to allow beaker volume
for the algal culture to be added daily as a food source.
Twice weekly during the experiments larvae were gently
poured onto a 64-mm mesh, and the condition (live or dead)
and developmental stage of each larvae (veligers, pedive-
ligers, and metamorphosed) were determined visually under
a dissecting microscope; every individual larvae was
counted at every water change. Within a 15-min period,
larvae from each beaker (n 5 4 per treatment) were
removed, counted, observed, and transferred into a new
beaker with new filtered seawater, food, and antibiotics. All
beakers were submerged in a water bath maintained at
24uC and recorded every 6 min throughout experiments
using in situ loggers (OnsetE). This temperature (24uC)
generally yields high growth rates for A. irradians, C.
virginica, and M. mercenaria larvae (Carriker 2001;
Matthiessen 2001; Cragg 2006). Percent survivorship of
all larvae was determined at each of the bi-weekly water
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changes when the numbers of larvae in each stage of
veligers, pediveligers, and metamorphosed juveniles were
quantified. Experiments were terminated when at least 50%
of the remaining larvae had metamorphosed. At this time,
digital photos of 15 randomly selected larvae were obtained
from under a dissecting microscope, and lengths were
determined using Image JH software. Statistical differences

among replicate beakers were examined using Q-tests (p ,
0.1) although none were present in any experiment for all
parameters quantified. To statistically assess the effect of
CO2 treatments on larval survival, a goodness-of-fit test or
G-Test was calculated for each experimental treatment,
since this is robust for analysis of differences in percent
survivorship among treatments (Sokal and Rohlf 1995).

Fig. 1. Survival and development of Mercenaria mercenaria, Argopecten irradians, and Crassostrea virginica larvae under three levels
of CO2, approximately 35, 66, and 152 Pa (Table 1). Counts of all larvae at each stage (veliger, pediveliger, and metamorphosed) were
made on the days indicated. The relative standard deviation of replicated vessels per treatment for all time points and experiments was 9%
(n 5 4 per treatment).
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One-way ANOVAs and post-hoc Tukey multiple compar-
ison tests were performed to examine the differences among
larval size at each CO2 level.

Results

Enriched levels of dissolved CO2 had a pronounced
negative effect on the survival of all three species of
shellfish larvae. M. mercenaria larvae were greatly affected
by ,66 Pa and ,152 Pa CO2 and the resultant decreases of
pH, CO 2{

3 availability, and CaCO3 saturation state (Fig. 1;
Table 1). There was a significant decrease in survivorship
of larvae with increased CO2 compared to survivorship of
larvae receiving ambient levels (G-test, p , 0.001; Fig. 1).

Fewer than 20% of Mercenaria larvae survived to fully
metamorphose into juvenile clams in the ,66 Pa and
152 Pa CO2 treatments, compared to 76% 6 4% in the
ambient, control treatment (Fig. 1). Larvae within elevated
CO2 treatments also experienced delays in metamorphosis.
For example, although all surviving clam larvae had fully
metamorphosed after 18 d under ambient conditions, 18%
6 6% had still not done so in the highest CO2 treatment
(Fig. 1). The mean length of 18-d-old M. mercenaria larvae
decreased significantly from 220 6 9.5 mm at 35 Pa CO2 to
170 6 6.7 mm and 170 6 4.8 mm at 66 and 152 Pa CO2,
respectively (ANOVA, p , 0.001; Tukey, p , 0.01; Fig. 2).

Since the levels of CO2 predicted in the world’s oceans
later this century (,66 Pa) caused significant increases in
mortality and delays in development times for M.
mercenaria compared to current CO2 levels, an experiment
examining the range of CO2 predicted through this century
was conducted (,41, 51, 61, and 71 Pa; Table 2). There
were significant differences in larval survival between all of
the CO2 treatments (,71, 61, 51, and 41 Pa; G-test, p ,
0.001). M. mercenaria larval survivorship declined from
86% 6 6% to 66% 6 2% with a 10-Pa rise in CO2 (,41 to
51 Pa; Fig. 3), a change predicted to occur early in the 21st
century (Caldeira and Wickett 2003). Survivorship of
Mercenaria larvae through the experiment continued to
decrease to 63% 6 3% and 20% 6 6% of individuals at
,61 and 71 Pa CO2, respectively (Fig. 3).

A. irradians (bay scallop) larvae were also extremely
sensitive to higher CO2 concentrations. Only 3% 6 1% and
2% 6 0.5% of Argopecten larvae survived to metamor-
phosis at ,62-Pa and 170-Pa CO2 levels, respectively (a
7.9% d21 population mortality rate), while 52% survived in
the ambient treatment (Fig. 1; Table 1), a highly significant
difference (G-test, p , 0.001). High CO2 levels also slowed
development rates of Argopecten larvae. After 16 d, only
54% and 76% of scallop larvae had metamorphosed to the
juvenile stage at 170 and 62 Pa CO2, whereas 100% of the
surviving individuals under ambient conditions (,36 Pa)
had metamorphosed at this time (Fig. 1). At day 19, the
lengths of A. irradians larvae grown under high CO2 were
half the size (200 6 12 mm) of individuals grown under
ambient CO2 conditions (400 6 4.6 mm at ,35 Pa; Tukey,
p , 0.0001; Fig. 2).

In contrast to Mercenaria and Argopecten, C. virginica
(Eastern oyster) larvae responded differently to the
enrichment of CO2 in seawater. The rate of oyster larvae
metamorphosis was significantly delayed by exposure to
enrichment of CO2 (G-test, p , 0.001). After 2 weeks, one
third of oyster larvae exposed to current CO2 conditions
had fully metamorphosed, while only 6% 6 2% and 3% 6
1% had done so at ,66 and 152 Pa CO2, respectively
(Fig. 1). Similarly, after 3 weeks, metamorphosis had
occurred in 89% 6 9%, 69% 6 12%, and 58% 6 12% of
surviving individuals at ,35, 66, and 152 Pa CO2,
respectively, differences that were statistically significant
(G-test, p , 0.001; Fig. 1). Furthermore, C. virginica larvae
reared under higher CO2 (64 and 150 Pa) achieved lengths
(300 6 17 mm and 260 6 12 mm, respectively) that were
significantly smaller than those grown at ambient CO2 (360
6 14 mm at 35 Pa; Tukey, p , 0.05; Fig. 2). However, in

Fig. 2. Mean length of larval shellfish (61 standard error) at
three levels of CO2 (n 5 15 per treatment). Measurements were
made on day 18 (Mercenaria mercenaria), day 20 (Crassostrea
virginica), and day 19 (Argopecten irradians). The precise CO2

levels administered appear in Table 1.
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contrast to these differences in size and the time required
for larval metamorphosis, there was no difference in
survivorship between exposure to 35 and 66 Pa CO2 (61%
6 16%), although the highest levels of CO2 (,152 Pa)
yielded significantly lower survival for oyster larvae (35%
6 13%; G-test, p , 0.001; Fig. 1).

Discussion

This study has demonstrated that the levels of CO2

projected to occur in the world’s oceans this century and
beyond are capable of significantly decreasing the size,
rates of metamorphosis, and survivorship of larvae from
three species of commercially and ecologically valuable
shellfish (M. mercenaria, A. irradians, and C. virginica). The
ability of calcifying organisms to synthesize CaCO3 shells is
strongly influenced by CO 2{

3 concentrations and V values.
Our highest CO2 treatments (152–162 Pa) yielded Varagonite

values ,1.0 (Table 1), indicating that dissolution of
aragonite would be predicted and synthesis of aragonite

would not be favorable. Since the three shellfish larvae
studied have shells that are partly composed of aragonite
(Stenzel 1964; Carriker 1996), the enhanced mortality and
delayed development of these larvae in these treatments
(Fig. 1) may result from their inability to adequately
synthesize shell material. However, calcification rates in
coccolithophores, foraminifera, and corals have been
shown to decrease with reduced CO 2{

3 concentration, even
when V . 1 (Riebesell et al. 2000; Kleypas et al. 2006),
likely in part because biotic aragonite is less crystalline than
nonbiogenic aragonite (Weiss et al. 2002). Additionally, the
presence of amorphous calcium carbonate, which is
substantially more soluble than aragonite (Brecevic and
Nielsen 1989), in the shells of larval mollusks (Weiss et al.
2002) likely exacerbates their sensitivity to declining CO 2{

3
availability. Consistent with this hypothesis, even decreases
in aragonite V in the saturating range caused by increasing
CO2 adversely affected the ability of shellfish larvae to
survive and metamorphose (Fig. 1; Table 1). In the future,
such effects will be exacerbated within higher latitudes with

Table 1. Temperature, pH, carbonate chemistry, alkalinity, salinity, and percent mortality of
larvae per day (61 standard deviation [SD]) during the three-level carbon dioxide experiments
with Mercenaria mercenaria, Crassostrea virginica, and Argopecten irradians larvae.

Parameter High CO2 Mid CO2 Ambient

Mercenaria mercenaria

Temperature (uC) 24 6 0.52 24 6 0.52 24 6 0.52
pH 7.49 6 0.021 7.84 6 0.042 8.02 6 0.021
pCO2 (Pa) 150 6 18 64 6 8 36 6 4
Vcalcite 1.33 6 0.121 2.98 6 0.623 3.68 6 0.222
Varagonite 0.85 6 0.12 1.92 6 0.421 2.37 6 0.124
Total DIC (mmol L21)* 1850 6 159 1850 6 249 1580 6 109

CO 2{
3 (mmol L21) 54 6 8.4 121 6 3.4 150 6 5.2

Alkalinity (TA)* 1888 6 20.1 2002 6 21.4 1791.8 6 79.2
Salinity 28.0 6 1.0 28.0 6 1.0 28.0 6 1.0
% mortality d21 26.3 26.7 21.8

Crassostrea virginica

Temperature (uC) 24 6 0.51 24 6 0.52 24 6 0.52
pH 7.50 6 0.012 7.85 6 0.031 8.07 6 0.012
pCO2 (Pa) 150 6 5 63 6 5 36 6 2
Vcalcite 1.43 6 0.121 2.97 6 0.233 4.52 6 0.241
Varagonite 0.92 6 0.032 1.91 6 0.111 2.91 6 0.123
Total DIC (mmol L21) 1920 6 41.3 1840 6 18.2 1770 6 67.2

CO 2{
3 (mmol L21) 58 6 7.2 121 6 3.5 180 6 25.1

Alkalinity (TA)* 1961 6 39.2 1996 6 54.4 2014 6 12.3
Salinity 28.0 6 1.0 28.0 6 1.0 28.0 6 1.0
% mortality d21 23.9 21.9 23.5

Argopecten irradians

Temperature (uC) 24 6 0.53 24 6 0.53 24 6 0.53
pH 7.48 6 0.061 7.83 6 0.032 8.08 6 0.034
pCO2 (Pa) 163 6 27 69 6 5 36 6 3
Vcalcite 1.41 6 0.123 2.9 6 0.24 4.8 6 0.42
Varagonite 0.91 6 0.12 1.87 6 0.121 3.06 6 0.341
Total DIC (mmol L21) 1980 6 54.3 1900 6 15.2 1830 6 66.1

CO 2{
3 (mmol L21) 57 6 6.2 118 6 3.4 194 6 26.2

Alkalinity (TA)* 2011 6 24.3 2047 6 30.2 2087 6 51.0
Salinity 28.0 6 1.0 28.0 6 1.0 28.0 6 1.0
% mortality d21 27.9 27.8 23.8

* DIC, dissolved inorganic carbon; TA, total alkalinity.
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colder waters and lower states of CaCO3 saturation (Joos et
al. 1999).

It is probable that the negative effects of elevated CO2 on
shellfish larvae will extend beyond those observed during
our experiments. For example, since pelagic predation
pressure on bivalve larvae is high (Andre and Rosenberg
1991), the delayed metamorphosis of shellfish larvae caused
by enhanced CO2 (Fig. 1) would likely translate into
prolonged predation and, hence, would further decrease
survival of larvae in the field. Similarly, the up to 50%
decrease in the size of larvae under high CO2 (Fig. 2) could
translate into higher mortality rates for these individuals
once they are settled (Marshall et al. 2003). Since recently
settled bivalves are highly prone to dissolution and shell
loss (Green et al. 2004), even surviving larvae may not fully
develop in some coastal zones. Finally, it is plausible that
rapid evolution of shellfish and other calcifying species will
lead to the proliferation of strains that are more resistant to
ocean acidification, perhaps circumventing some of the
effects described here. However, the current rates of
atmospheric CO2 increases are 100 times faster than any
recorded in the past 1 million years, rapidly changing the
ocean chemistry to levels not experienced in hundreds of
millions of years (Sabine et al. 2004), indicating that this
evolutionary challenge is without precedent for many
extant calcifying species.

The negative effects of rising levels of CO2 on shellfish
larvae in our study are consistent with results of prior
studies of calcifying organisms in the ocean, such as coral
reefs, coccolithophores, and even juvenile stages of shellfish
(Riebesell et al. 2000; Green et al. 2004; Kleypas et al.
2006). Among planktonic species of coccolithophores,
some strains have shown decreased levels of calcification
with increased levels of CO2 (Riebesell et al. 2000), while
others have displayed an increase in calcification and
abundance under such conditions (Iglesias-Rodriguez et al.
2008). Similarly, the levels of CO2 predicted later this
century may be more detrimental to some species (M.
mercenaria, A. irradians) than to others (C. virginica). It has
been previously noted that C. virginica eggs and larvae are
more tolerant of low pH than are M. mercenaria larvae
(Calabrese and Davis 1966), a finding that is consistent
with our demonstration that oyster larvae survival was
higher than that of larval hard clams at the CO2 levels of
,66 Pa (Fig. 1).

Larvae survival can greatly affect future adult shellfish
population densities (Gosselin and Qian 1997; Schneider et
al. 2003; Arnold 2008). All three shellfish in this study are
important ecological and commercial species along the
Atlantic coast, with annual U.S. landings of these species
being worth hundreds of millions of dollars; their
ecosystem services far exceed this value (Costanza et al.
1997). However, in recent decades wild populations of
shellfish have been under increasing pressure from over-
fishing, loss of habitat, hypoxia, and eutrophication, and
their populations have experienced precipitous declines
(Lotze et al. 2006).

Globally, shellfish restoration efforts, such as habitat
restoration, transplantation, and reduction of fishing
pressure, are being implemented to enhance stocks of these

Fig. 3. Survival and development of Mercenaria mercenaria
larvae under four levels of CO2, approximately 41, 51, 61, and
71 Pa (Table 2). Counts of all larvae at each stage (veliger,
pediveliger, and metamorphosed) were made on the days
indicated. The relative standard deviation of replicated vessels
per treatment for all time points was 7% (n 5 4 per treatment).
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species (Arnold et al. 2002). In the future, these efforts will
need to account for the differential ability of shellfish larvae
to persist in a high-CO2 environment, with some popula-
tions, such as the Eastern oyster, perhaps having a greater
success in the future than other species, such as hard clams
or bay scallops.

While the high levels of CO2 used during our experi-
ments are predicted to occur within the open oceans during
the coming century, they can already be found in some
coastal zones. Upwelling of deeper ocean water and
riverine discharge into coastal regions can both expose
pelagic shellfish larvae to CO2 levels exceeding 101 Pa and
subsaturating levels of carbonate ion (Feely et al. 2008;
Salisbury et al. 2008). Furthermore, many coastal regions
are often ‘net heterotrophic’ as a result of terrestrial,
riverine, and wetland supplements of allochthonous carbon
(Gattuso et al. 1998; Thomas et al. 2004; Koch and Gobler
2009), leading to supersaturated CO2 and lower pH. The
degree of net heterotrophy in coastal zones is generally
maximal during summer, when spring bloom productivity
is degraded (Blight et al. 1995; Ram et al. 2003) and
shellfish larvae are spawned in temperate estuaries (Ken-
nedy and Krantz 1982; Bricelj et al. 1987; Kraeuter and
Castagna 2001). Moreover, as anthropogenic nutrient
loading rates rise, the concomitant increase in the intensity
of algal blooms and subsequent heterotrophic degradation

of bloom-derived organic matter may result in larger
declines in pH and increases in CO2. Consistent with these
ideas, our cursory examination of CO2 concentrations in a
New York estuary during summer months (June–Septem-
ber) revealed that levels were frequently above 51 Pa and
averaged ,66 Pa (Table 3). Hence, the three species of
bivalve mollusks presented here, which are native to
temperate estuaries in North America, such as Shinnecock
Bay, New York, are likely to produce larvae under the
elevated CO2 conditions found in this and other similar
systems. Therefore, the elevated levels of CO2 in coastal
zones coupled with the 10-Pa rise in ocean CO2 levels that
occurred during the 20th century (Caldeira and Wickett
2003) may have already diminished shellfish populations
and partly contributed to their global decline (Lotze et al.
2006).
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Table 2. Temperature, pH, carbonate chemistry, alkalinity, salinity, and percent mortality of
larvae per day (61 standard deviation [SD]) during the four-level carbon dioxide experiments
with Mercenaria mercenaria larvae.

Parameter High CO2 Mid O2 Low CO2 Ambient

Temperature (uC) 24 6 0.52 24 6 0.51 24 6 0.52 24 6 0.52
pH 7.79 6 0.012 7.88 6 0.021 7.97 6 0.022 8.02 6 0.012
pCO2 (Pa) 73 6 2 60 6 4 49 6 2 41 6 2
Vcalcite 2.57 6 0.123 3.15 6 0.101 4.0 6 0.222 4.14 6 0.133
Varagonite 1.66 6 0.042 2.03 6 0.102 2.58 6 0.122 2.67 6 0.111
Total DIC (mmol L21)* 1830 6 12.2 1850 6 8.43 1910 6 61.2 1800 6 16.0

CO 2{
3 (mmol L21) 105 6 10.1 129 6 6.2 163 6 4.6 169 6 1.1

Alkalinity (TA)* 1961 6 18.2 2020 6 34.2 2126 6 34.2 2036.3 6 4.6
Salinity 28 6 1.0 28 6 1.0 28 6 1.0 28 6 1.0
% mortality d21 28.2 23.8 23.5 21.4

* DIC, dissolved inorganic carbon; TA, total alkalinity.

Table 3. Measurements of temperature, salinity, pH, total inorganic carbon, carbon dioxide,
Vcalcite, and Varagonite in eastern Shinnecock Bay, New York, during summer 2007.

Date
Temperature

(uC) Salinity pH
Total CO2

(mmol L21) pCO2 (Pa) Vcalcite Varagonite

09 Jun 17.4 26.2 7.937 1523 41 2.20 1.38
15 Jun 21.2 28.2 7.989 1506 46 2.94 1.88
07 Jul 21.9 27.3 7.656 1756 96 1.67 1.06
20 Jul 24.4 27.6 7.848 1695 59 2.74 1.76
27 Jul 26.1 24.6 7.777 1253 53 1.74 1.11
10 Aug 25.1 28.4 7.778 1926 79 2.78 1.80
17 Aug 26.2 27.5 8.019 1814 41 4.51 2.92
24 Aug 25.1 28.9 8.015 1892 43 4.59 2.98
07 Sep 21.4 30.0 7.691 1642 81 1.74 1.12
28 Sep 19.7 27.9 7.563 1826 122 1.30 .83
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