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ABSTRACT: Increasing atmospheric carbon dioxide threatens to decrease pH in the world's oceans.
Coastal and estuarine calcifying organisms of significant ecological and economical importance are
at risk; however, several biogeochemical processes drive pH in these habitats. In particular, coastal
and estuarine sediments are frequently undersaturated with respect to calcium carbonate due to high
rates of organic matter remineralization, even when overlying waters are saturated. As a result, the
post-larval stages of infaunal marine bivalves must be able to deposit new shell material in conditions
that are corrosive to shell. We measured calcification rates on the hard clam, Mercenaria spp., in 5
post-larval size classes (0.39, 0.56, 0.78, 0.98, and 2.90 mm shell height) using the alkalinity anomaly
method. Acidity of experimental water was controlled by bubbling with air—CO, blends to obtain pH
values of 8.02, 7.64, and 7.41, corresponding to pCO, values of 424, 1120, and 1950 patm. These pH
values are typical of those found in many near-shore terrigenous marine sediments. Our results show
that calcification rate decreased with lower pH in all 5 size classes measured. We also found a signif-
icant effect of size on calcification rate, with the smaller post-larval sizes unable to overcome dissolu-
tion pressure. Increased calcification rate with size allowed the larger sizes to overcome dissolution
pressure and deposit new shell material under corrosive conditions. Size dependency of pH effects on
calcification is likely due to organogenesis and developmental shifts in shell mineralogy occurring
through the post-larval stage. Furthermore, we found significantly different calcification rates
between the 2 sources of hard clams we used for these experiments, most likely due to genotypic dif-
ferences. Our findings confirm the susceptibility of the early life stages of this important bivalve to
decreasing pH and reveal mechanisms behind the increased mortality in post-larval juvenile hard
clams related to dissolution pressure, that has been found in previous studies.
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INTRODUCTION

The potential impacts of ocean acidification on
carbonate-depositing organisms due to increasing
atmospheric carbon dioxide are receiving considerable
attention. Decreased pH may affect calcification by
altering carbonate mineral thermodynamics and by
effects on other physiological processes of marine
calcifiers (Portner 2008). Early research on metazoan
calcification in benthic habitats focused on coral reefs
(Gattuso et al. 1998, Kleypas et al. 1999, Langdon et al.
2000). More recently investigators have recognized
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that bivalves in temperate coastal waters may also be
susceptible to acidification (Green et al. 2004a, 2009,
Dove & Sammut 2007, Gazeau et al. 2007, Kurihara
2008, Miller et al. 2009, Talmage & Gobler 2009, Wald-
busser et al. 2010). There are many well documented
processes that induce pH variability in coastal ecosys-
tems (Soetaert et al. 2007) including daily production—
respiration and seasonal bloom cycles (Hinga 2002,
Wootton et al. 2008), hydrology and coastal upwelling
(Feely et al. 2008, Salisbury et al. 2008, 2009), changes
in other atmospheric gases due to human activity such
as NO; and SOy emissions (Doney et al. 2007), and oxi-
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dation of reduced metabolites in sediments during bio-
irrigation and particle reworking processes (Green et
al. 2004b). As a result, estuarine or coastal pH is far
more variable than that of the open ocean and subject
to multiple processes making it difficult to parameter-
ize, measure, and predict (Blackford & Gilbert 2007,
Soetaert et al. 2007, Borges & Gypens 2010). However,
gradual shifting-baseline type decreases in carbonate
saturation state of coastal sediment pore waters due to
rising atmospheric CO, has been noted (Andersson
et al. 2006). Determining the potential ecological and
economic consequences of acidification on living re-
sources in coastal areas requires additional empirical
data of shell production rates, thresholds, and changes
to shell growth through various life stages due to vari-
able pH on short and long timescales.

Due to high rates of organic matter remineralization
(respiration) in upper sediment layers, coastal marine
sediments are often more acidic than overlying waters,
and undersaturated with respect to calcite and arago-
nite (Aller 1982, Green & Aller 1998, 2001)—the cal-
cium carbonate minerals precipitated by bivalves and
other calcifiers. The hard clam Mercenaria mercenaria
has a pelagic larval dispersal stage (and a mostly ben-
thic pediveliger stage) that is utilized until suitable
substrate for settlement is found. During the larval and
early post-larval stages significant predation risks
exist, therefore delayed metamorphosis, settlement,
and development to the adult stage increase the risk
of predation and represent a population bottleneck
(Thorson 1966, Gosselin & Qian 1997). Conversely,
burrowing into sediments that are corrosive to shell
material has been found to result in significant rates of
mortality in post-larval M. mercenaria (Green et al.
2009). Carriker (1961) noted possible adaptive strate-
gies in early post-larval M. mercenaria that were
byssally attached to shell material in the field and tran-
sitioned to nearby sediments later in their develop-
ment. Even with adaptive life history strategies, at
some point, infaunal bivalves must burrow into geo-
chemically active sediments that are corrosive to cal-
cium carbonate minerals. During these early life
stages, before siphons are fully formed, these organ-
isms must maintain contact between their shell edge
and overlying water (Carriker 1961), forcing them to
reside in the upper mm of sediment. At this depth in
many coastal sediments, these early life stages would
be put in direct contact with sediments having the most
labile organic matter, thus resulting in exposure to sig-
nificant amounts of CO, due to organic matter rem-
ineralization. However, significant microphytobenthic
primary production could also help to alleviate some of
the corrosion pressure during daylight hours. Infaunal
calcifiers, at some point, must be able to precipitate
shell under dissolution pressure. Recent works suggest

early settlers face significant dissolution pressure and
resulting mortality (Green et al. 2004a, 2009); however,
the thresholds and sizes at which hard clams may over-
come this dissolution pressure are unclear.

Differences exist in the mineral form of calcium car-
bonate precipitated by larval and post-larval bivalves
of some species, such as the eastern oyster Crassostrea
virginica with aragonite (more soluble) in the larval
stage and calcite (less soluble) in the adult stage (Sten-
zel 1963, 1964). Mercenaria mercenaria is primarily
aragonite throughout its entire life history (Fritz
2001, and references therein). More recently, significant
amounts of amorphous calcium carbonate (ACC) were
documented in larval bivalve shells (Weiss et al. 2002).
Given that ACC is more soluble than aragonite, it may
be surmised that the early life stages of bivalves, and
the retained prodissoconch portions of their shells, are
most susceptible to moderate decreases in pH. The
shells of bivalves and other calcifying species are
not entirely composed of mineral calcium carbonate.
Shells have a protective outer cuticle type layer, the
periostracum, and an organic matrix into which the
mineral phase is deposited (Levi-Kalisman et al. 2001).
These organic components likely provide the shell
some protection from dissolution, relative to pure min-
eral. Ground biogenic calcium carbonate minerals
have been found to dissolve faster than pure mineral
phases due to differences in surface area for dissolu-
tion and the bacterial degradation of the organic
matrix into which carbonate minerals are precipitated
(Glover & Kidwell 1993, Cubillas et al. 2005). As a
result, the saturation indices used to determine solubil-
ity of pure calcium carbonate minerals only approxi-
mate the response of shell material in live bivalves and
other metazoan calcifiers.

Calcification, and by extension shell growth, is an
integral component of organism growth in mollusks
(Wilbur & Saleuddin 1983 and references therein);
however, it should be noted that calcification (mineral
deposition) and shell growth (mineral plus organic
deposition) are not identical processes. The formation
of the organic proteinaceous material of the shell
occurs at a significant metabolic cost (Palmer 1992),
and Hautmann (2006) surmised that in thick shelled
species, such as hard clams, mineral deposition also
required a significant metabolic expense. Consider-
able attention has been given to growth of adult hard
clams (Arnold et al. 1991, Carmichael et al. 2004,
Henry & Nixon 2008) as well as recent work on larval
growth of Mercenaria mercenaria and other larval
bivalves in relation to pH (Miller et al. 2009, Talmage &
Gobler 2009). Although some classic works have docu-
mented metamorphosis and general growth patterns in
the early life stages of M. mercenaria (Carriker 1961,
2001 and references therein), little is known about
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abiotic controls on growth and development in the
early post-larval stages. Furthermore, differences in
shell growth follow complex responses to environmen-
tal factors when genotype and hybridization of Merce-
naria spp. are taken into account (Dillon & Manzi 1989,
Arnold et al. 1996, 1998). Understanding pH-shell
growth dynamics at this early post-larval stage is vital,
as the post-larval settlers will be exposed to relatively
lower pH within sediments than at the pelagic larval
stage, and growth through this post-larval stage is
crucial for recruitment to adult populations.

We developed an experimental system to measure
differences in calcification of the hard clam Merce-
naria mercenaria in response to pH (ranging from
~7.40 to 8.00). These measurements were made on size
classes from 0.39 to 2.90 mm shell height. Our objec-
tives were to (1) determine if relatively small changes
in pH affect calcification of M. mercenaria, (2) measure
the response of calcification through the early post-lar-
val stages, (3) identify possible mechanisms responsi-
ble for changes in calcification with size and pH, and
(4) highlight the potential impacts of acidification on
this infaunal dwelling bivalve.

MATERIALS AND METHODS

Experimental organisms. Juvenile hard clams of
Mercenaria spp. were obtained from Cherrystone
Aqua Farms (Cheriton, Virginia) and Southern Cross
Sea Farms (Cedar Key, Florida). Although we intended
on using M. mercenaria in our experiments, Arnold et
al. (2009) documented that M. mercenaria hybridizes
with M. campechiensis in the Southern Cross Sea
Farms hatchery, with roughly 25% of the hard clams
having the hybrid genotype and the remainder being
pure M. mercenaria. Differences exist in growth rates
among genotypes and vary with environmental factors
(Dillon & Manzi 1989, Arnold et al. 1996, 1998), with
hybrids typically growing faster. The comparison of
hatchery source of hard clams was not originally
intended to be part of the experimental design, but
limitations on organism availability required that we
utilize 2 sources for experimental organisms. The size
classes from the 2 different hatcheries were as follows:
0.39, 0.78, and 2.90 mm clams were from the Virginia
hatchery (VA), while the 0.56 and 0.98 mm clams from
the Florida hatchery (FL). Juveniles were kept in sepa-
rate holding tanks based on size and origin, with daily
water changes. A diet of cultured Isochrysis spp. (Tiso)
strain CCMP1324 supplemented with Shellfish Diet
1800 (Reed Mariculture) was fed in batches for up to
4-5h, d'. At the termination of feeding, organisms
were removed from the feeding media and returned
to their holding tanks. Clams were rinsed daily with

deionized water for roughly a minute to help control
bacterial growth and disease. The seawater used in the
experiments was collected from the University of
Delaware, Lewes Seawater Facility. Plastic drums of
water were transported back to Chesapeake Biological
Laboratory in Solomons, Maryland where it was
treated with 0.5 ml of bleach per | of seawater follow-
ing procedures in Palin (1983) and sealed until ready
for use. Approximately 1 wk prior to use, the drum was
heavily aerated with a large air stone and dechlori-
nated with 0.167 g sodium thiosulfate per ml of bleach
added. Several days after dechlorination, we tested pH
and alkalinity and amended the water with sodium
bicarbonate and sodium carbonate as needed to return
alkalinity and pH to roughly 2.225 mmol 1! and 8.00,
respectively.

Experimental system. The experimental system con-
sisted of a CO, tank plumbed through a flask containing
deionized water to hydrate the dry gas (Fig. 1). The gas
was then sent to a header where it was split into 2 lines,
one each for the medium and low pH treatments. The
high pH treatment was bubbled with ambient air only.
All tubing used was low gas permeability tygon tubing.
Each CO, line ran through a gas flow control valve
(Gilmont Microflow Meter) and then was spliced into
air lines with small-gauge hypodermic needles. The
pH in the medium- and low-pH treatment groups was
controlled by adjusting the CO, flow at the flow control
valves. The tubing carrying air—-CO, blends were then
run to gang valves that split the flow into replicate ex-
perimental flasks. Each pH treatment group had one con-
trol flask with no organisms to monitor pH over the
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Fig. 1. Experimental system. Number of flasks varied with

each run of different sized organisms, but all experiments had

at least 2 flasks, 1 with clams and 1 control flask. Only 1 flask

depicted here per pH treatment, with clams as circles in bot-
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course of the experiment. A controlled temperature
water bath was used to maintain a temperature of 20°C
in flasks. The flasks used for experiments were 55 ml
Erlenmeyer Pyrex that were acid washed, triple rinsed
with deionized water, and dried prior to use. Before each
experimental run, the system was set up and gas flows
adjusted until stable pH readings (see 'Experimental
design') on seawater within flasks were obtained for a
several hour period. Once the system had stabilized,
~50 ml of new seawater was added to new pre-weighed
flasks, flasks were weighed to obtain water weight, clams
were added to flasks, flasks were placed in the water
bath, and bubbling with gas blends was initiated. The
pH in the new flasks typically stabilized within 30 min,
values were verified and spot checked on the control
flask for each treatment throughout the experiments.
Experimental design. Separate experimental runs
were conducted for each size class of hard clams. In a
series of pilot studies, we determined between 1to 2 g
live weight of clams in 50 ml of seawater typically gave
a response of alkalinity change of ~200 to 400 pmol
within 8 h in the high pH treatment. An 8 h timeframe
was long enough to allow us to complete all alkalinity
titrations between sampling periods, but short enough
to minimize container effects, as longer runs or larger
changes in alkalinity typically resulted in asymptotic
relationship between alkalinity and time. The time for
each experimental run was constrained by the total
change of alkalinity within treatments. We limited total
alkalinity change to 0.5 mmol 1"}; however, in all but
one experimental run (2.90 mm clams), we terminated
the experiments after a change of 0.2 to 0.3 mmol 1.
The number of replicate flasks in each experimental
run (or each size class) was constrained by the amount
of experimental organisms available and the biomass
needed to elicit a significant alkalinity change in high
pH flasks over several hours. We used triplicates for
the clams with a shell height of 2.90 and 0.98 mm, 4
replicates for the 0.78 mm clams, and only 1 replicate
for the 0.39 and 0.56 mm sizes because roughly 50 000
to 70 000 organisms were required at this size to attain
a live weight of 1 to 2 g per flask. We simply could not
attain the number of organisms needed for replicates
at this size from one hatchery source at one time. When
replicate flasks were used, flasks within a treatment
group were calibrated to have pH within 0.05 units of
the target pH by adjusting gang valves, measuring pH
during set up, and comparing bubble rates in flasks.
Clam sizing and live weights. We received organisms
from the hatcheries based on a nominal sieve size of
which clams would pass through. Clams were therefore
sized using a digital camera mounted on an Olympus
dissecting microscope and image analysis. Between
50 and 100 individuals were randomly measured for
each size class within 1 to 5 d of each experimental run.

Photographs were taken with a scale bar placed in the
field of view to calibrate each image using ImageJ soft-
ware v1.42q. Shell height (SH) was measured as the dis-
tance from umbo to the leading posterior edge of the
shell. Unless otherwise noted, all sizes reported herein
are shell height. The live weight (LW) of clams within
each experimental flask was determined at the end of
the experimental run by carefully pouring clams onto a
weigh boat, decanting water, and blotting the remaining
water with a kimwipe. Blotting was done by tipping the
weigh boat and blotting water that ran out from the
bunched clams to prevent adhesion of clams to the
kimwipe. Extreme care was used to remove all possible
water without desiccating organisms.

Calcification rates and analytical methods. Calcifi-
cation was measured using the alkalinity anomaly
method (Smith & Key 1975) as in Waldbusser et al.
(2010) where a 2 eq decrease in water alkalinity is
equal to a 1 mol increase in shell CaCOj3; (Smith & Key
1975). Thus, the rate of new shell production is
inversely related to the decrease in alkalinity within
experimental flasks. Conversely, increases in alkalinity
are due to dissolution of shell in the same proportion.
Although we assumed that other biogeochemical pro-
cesses contributing to a change in alkalinity are negli-
gible relative to precipitation/dissolution of CaCO3
(Gazeau et al. 2007), alkalinity change due to other
processes is a concern of this method. Primarily, the
production of ammonium through respiration could
have potentially contributed to the change in total
alkalinity. However, based on previous rate measure-
ments of ammonium production measured on hard
clams (Srna & Baggaley 1976), the total estimated con-
tribution of ammonium to alkalinity change in our ex-
periments was <1 % and can be considered negligible.

Experiments were run for <8 h (see above) with at
least 3 alkalinity samples taken over that time period.
Sampling for alkalinity was conducted without replac-
ing water and 3 to 4 ml of water were drawn into
syringes and remained sealed until titration, usually
within 20 min. Due to the lack of replacement of water
samples, we corrected the total alkalinity in flasks over
time to what the total alkalinity would have been had a
sample not been removed. The pH in control flasks
was measured over the course of the experiment to
verify that there were no changes in gas or air flow
resulting in pH change. Flow meters on CO, flow con-
trol valves were visually checked several times over
the course of the experiment. Additionally, pH was
measured on each sample prior to the alkalinity titra-
tion to ensure consistent pH values over the course of
the experiment.

Alkalinity was determined with a 2-point pH titra-
tion (Edmond 1970), with diluted HCI. The concentra-
tion of HCl used in the titrations was calibrated against
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a known alkalinity standard. An Orion 938007MD
micro temperature probe, Thermo-scientific 8103BN
combination semi-micro pH electrode, and Thermo-
scientific 5 star pH meter (Thermo Fisher Scientific)
were used to measure pH and temperature of samples.
A 3 point calibration curve was used to calibrate the
pH electrode using National Bureau of standards
(NBS) buffers. The pH 7.0 buffer was measured at the
beginning and end of each set of alkalinity determina-
tions to ensure the electrode did not drift during mea-
surements. Over a set of alkalinity samples, pH re-
mained within 0.02 pH units of the buffer value, and
the electrode was recalibrated if pH drifted by more
than 0.05 units. Additionally, at each sample time, an
alkalinity standard was measured to ensure analytical
consistency. Reported values of pH are on the seawater
scale, converted from NBS scale using CO2SYS in
Matlab. Partial pressure of CO, and saturation state of
aragonite were calculated using CO2SYS in Matlab
(van Heuven et al. 2009) using the Merbach (refit by
Dickson & Millero 1987) carbonic acid dissociation
constants and Dickson's sulfate dissociation constants.

Representative pH profiles. Representative pH pro-
files were obtained from mudflats within 3 coastal
embayments in the northeast USA: Long Island Sound
(LIS) (New York), South Portland and Falmouth
(Maine). The 3 sites had sediment properties charac-
teristic of hard clam habitat, with porosity of 0.9 for LIS
and Falmouth and 0.8 for South Portland. The organic
content, by loss on ignition, was determined to be
3.0% (wt/wt) for LIS and Falmouth, and 2.0% for
South Portland. A large subcore (14.5 cm inner dia-
meter; Cellulose acetate butyrate [CAB] tube) was
removed from sediment at each location and stored at
in situ temperature for transport back to the laboratory.
Once in the laboratory (within 6 h of core retrieval),
cores were sectioned under nitrogen in a glove bag,
and porewater separated at in situ temperature with-
out air contact using centrifugation (5 min, 5000 rpm,
20 to 40 ml pore water). pH was immediately measured
in pore water using a Corning combination electrode
standardized between each measurement using pH 4
and 7 NBS-traceable buffers.

Data analysis. Calcification rates were analyzed by
fitting a general linear model (GLM) to the calcification
data. Due to the unequal replication among size
classes and to avoid artificially inflating significance by
fitting a model with multiple observations at each
dependent variable level, we took the mean values at
each pH and size for both sources and fit the GLM to
the mean values. We have included error bars on
graphs in order to visualize the variability within pH-
size treatments. Additionally, running the model on
the means versus replicated data did not change the
inferences from the model; the only differences were

F-values and decreased p-values when replicate val-
ues were included. A stepwise model selection method
was used to identify the best fitting GLM (variables of
Source, Size, pH and Interactions) by minimizing fit
statistics such mean square error, Bayesian Informa-
tion Criteria (BIC), and Cp Mallow's index. As noted
above, the variable Source was not an a priori factor in
the experimental design. Additionally, plots of residu-
als were used to assess model fits. The final model that
was determined by best fit statistics, meeting assump-
tions, and preventing over-parameterization was:

Calcification rate =
Source + Bi(Source x Size) + B,(pH) (1)

where Source is the hatchery from which the clams
were obtained, [; is the parameter estimate (slope) for
variable i, Size is mean SH for the cohort, and pH is on
the seawater scale. Source was a categorical variable,
and Source x Size is a hybrid interaction term, result-
ing in separate slopes for the size effect based on
source. The model was fit without an implicit intercept
to prevent over-parameterization using the factor vari-
able of Source to fit 2 separate intercepts, one for each
source of organisms. These 2 intercepts are offset from
one another by the overall effect of the 2 different
sources. Statistical difference between the FL and VA
clams was determined by a t-test (0. = 0.05) of the least
squares means of calcification rates by Source. The
Source x Size effect was also included, as separate
intercepts failed to generate a model that adequately
predicted differences in shell growth based on hatch-
ery source. Significant differences between Source x
Size values was determined from the 95% confidence
interval around each parameter estimate. Assumptions
of linearity, independence, and homoscedascity were
verified by visual inspection of residuals plotted against
predicted values and independent variables. The as-
sumption of normality was confirmed with Shapiro-
Wilk's statistic. We confirmed there were no overly
influential data points by examining the studentized
residuals. Statistical analyses were conducted in SAS
v.9.2 using PROC GLM for final model fitting and
PROC GLMSELECT for stepwise model selection and
evaluation.

RESULTS
Experimental and analytical consistency

Using simple equipment and manually controlled
flow valves, we were able to maintain replicate pH
treatments consistently among experimental runs
(Table 1). The variability in pH within treatments,
across experimental runs (SD of 0.02 to 0.05) was not
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Table 1. Mercenaria mercenaria. Experimental conditions for
calcification experiments. Mean + SD for pH and alkalinity
across experimental trials. All trials were conducted at salinity
of 30 and 20°C. pH was converted to seawater scale using
CO2SYS (van Heuven et al. 2009). Mean + SD of pCO, and
saturation state of aragonite were calculated using CO2SYS
program for each treatment across experimental runs

pH pH
treatment

Alkalinity
(mmol 17!

pCO,
(watm)

QAragonite

High 8.02+£0.02 2.236 £0.050 424 +26 2.52+0.14
Mid 7.64 £0.05 2.226 +0.030 1120 + 146 1.18 +0.14
Low 7.41 £ 0.05 2.226 + 0.033 1950 + 240 0.72 + 0.09

much larger than the precision of the electrode (0.01).
However, it should be noted that even small variability
in pH propagates large variance in the calculations of
pCO, and saturation state due to the sensitivity of
these values (particularly carbonate ion concentration)
to pH. Therefore, the uncertainty around the mean val-
ues should be considered when comparing across
studies. Our analytical precision for the alkalinity titra-
tions within experimental runs, as measured by the SD
of alkalinity standards, averaged 0.015 mmol I rang-
ing from 0.007 to 0.034 mmol 1"!. The average alkalin-
ity variability in the control (no clam) flasks for all
treatments within experimental runs was 0.03 mmol 11,
Additionally, pH variability (SD) in control flasks within
a treatment and experimental run averaged 0.026 pH
units across all treatment/runs with a range of 0.005 to
0.083 within experimental runs. Therefore, pH was rel-
atively consistent across and within experimental runs.

Hard clam calcification

Variability in calcification rates of the hard clam
Mercenaria spp. was relatively small among replicates
in a given size and pH treatment (Fig. 2); however, we
were unable to replicate the 2 smallest size classes due
to the number of organisms required (see Materials
and Methods). The GLM, as described above, was sig-
nificant (Fs, 10 = 44.01, p < 0.0001, R? = 0.93), with
Source, Source x Size, and pH as significant sources of
variance in the model (Table 2). Unfortunately, only 2
size classes were measured from the FL hatchery;
therefore, the parameter estimate for Source x Size for
this hatchery should be viewed cautiously (given this is
a slope estimate based on 2 points). However, if a com-
mon size effect parameter was fit to the model, calcifi-
cation rates were under and over predicted for the
larger and smaller clams, respectively, from the FL
hatchery. Both the Source x Size and Source values
between the 2 hatcheries were significantly different
from one another (Fig. 3). The hybridized Mercenaria
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Fig. 2. Mercenaria mercenaria. Calcification rates vs. pH
(SWS: seawater scale) for 5 size classes. Grey scale from black
to white = increasing size. Error bars: SD of replicate flasks for
a given size and pH treatment. Shell heights in key: mean size
(SD). Clams from Virginia (circles) or Florida (squares) hatch-
eries. Dashed vertical line: approximate aragonite saturation
threshold based on average alkalinity conditions across all
data (lower pH waters are undersaturated, higher pH waters
are supersaturated). Solid horizontal line: transition between
net calcification and net dissolution. LW: live weight

calcified faster with increasing size at 9.34 versus
2.02 mg d~! g! per mm in SH for the pure M. merce-
naria. The 95% confidence limit around the Source X
Size parameter estimate for the hybridized (FL) and
non-hybridized (VA) Mercenaria was 5.83 to 12.84 and
1.48 to 2.57, respectively. Since each Source x Size
parameter estimate falls outside of the confidence
interval of the other, these are significantly different at
a =0.05. Additionally, the least squares means of calci-
fication for the FL and VA clams were significantly dif-
ferent from one another (3 = 7.05, p < 0.0001). The
difference between the intercepts or offset was 4.94.

Table 2. Mercenaria mercenaria. Parameter estimates and sig-

nificance of variables in the general linear model of Source,

Source x Size, and pH effects on calcification rate in hard clams.

Ndf, ddf: numerator and denominator df for test of significance.
FL: Florida, VA: Virginia. SE values in parentheses

Source of Parameter ndf, ddf F P
variance estimate

Source 2,10 22.79 0.0002
FL -42.13 (6.40)

VA -38.86 (6.34)

Source X Size 2,10 51.97 <0.0001
FL 9.34 (1.57)

VA 2.02 (0.24)

pH 4.86 (0.82) 1,10 35.07 0.0001
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Fig. 3. Mercenaria mercenaria. Source effects on calcification
rate. (A) Least square means of overall calcification rate by
hatchery source (error bars = SE); units: calcification rate. (B)
Rate of calcification increase with size by hatchery source
with 95% confidence limit as error bars; units: calcification
rate per shell height. FL: Florida, VA: Virginia, LW: live weight

Given the unequal sample sizes between the 2 sources,
lack of replication at the 2 smallest sizes, and different
distribution of measurements across pH and size, it is
best to view the statistical differences between the
hatchery sources of clams cautiously.

A common pH effect parameter was determined
through the model fitting (Table 2) indicating that
although differences in overall growth with size var-
ied, the pH effect was consistent across Source and
Size. It should be noted that this conclusion is only
applicable across the size and pH range we measured,
and it is likely that above these sizes, this linear rela-
tionship may not follow. However, based on our data
and model, the size dependent effect appears to be
related more to the increase in overall growth rate with
size, rather than a decreased sensitivity to pH. In other
words, it does not appear that dissolution is increased
at smaller sizes; rather, that calcification is increased at
larger sizes. Since the pH effect in the model was con-
sistent, and calcification rate increased with size, the
pH effect becomes more important to the smaller sizes
as a decrease in calcification is more likely to result in
net dissolution. A decrease in pH does result in slower
net calcification rates in the larger sizes; however,
baseline rates of calcification are high enough to over-
come dissolution pressure. The estimate of the pH
effect on these post-larval hard clams indicates that a
drop in pH of 1 unit would result in a drop of almost
5 mg CaCO; d'! g LW™!, which is close to the maxi-
mum calcification rates measured here, suggesting
that even the largest sizes would at some point be
unable to net calcify with decreasing pH. The 2 largest
size classes (0.98, 2.90 mm) were also able to net

calcify in conditions of aragonite undersaturation, and
the next largest size class (0.78 mm) appeared to very
slightly net calcify just below the saturation threshold
for aragonite (Fig. 2).

DISCUSSION

Calcification in post-larval hard clams of the species
Mercenaria mercenaria decreased with relatively
small declines in pH, and larger post-larval juveniles
were less sensitive to relative moderate pH decline. It
is important to note that the lack of replication at the
2 smallest sizes, due to experimental limitations, is
somewhat problematic. The small variability within
size and pH treatments, however, provides us with
confidence that the general trends are valid, but fur-
ther measurements are needed to verify the current
findings. At the lowest pH treatments, the smaller
clams experienced net shell dissolution, whereas the
larger clams generally were still able to net calcify,
albeit at a diminished rate (Fig. 2).

The significant Source and Source X Size terms in the
GLM (Table 2) highlights the potential role of geno-
type in regulating calcification rates, and possibly
overcoming acidification impacts on shell growth.
Although the general calcification response to pH was
determined to be the same from the 2 hatcheries
(Table 2), the significantly higher calcification rate of
the FL clams suggests that they would reach a size at
which they could overcome dissolution pressure
sooner. It is clear, however, that a pH drop of 0.5 units
results in decreased calcification in all sizes of hard
clams, regardless of source. Importantly, pH may affect
physiological processes other than shell production
(Portner 2008, Portner et al. 2004); therefore, the
effects of pH on calcification may be directly related to
the mineralization of shell or indirectly to overall phys-
iology. Our data suggest that the dissolution pressure
is similar across size, but the increased rate of calcifica-
tion with size allows the larger post-larval clams to
overcome this dissolution pressure. This would support
a hypothesis that within the pH range of our experi-
ments, there was little direct physiological impact on
hard clam; rather, the effect was related to a balance
between shell growth and dissolution. Additional work
is much needed in this general area to elucidate these
types of questions.

One concern of short-term exposure experiments,
such as these, is the ‘shock effect’ resulting in calcifica-
tion values that are inconsistent with values obtained
in experiments where organisms are given time to
acclimate. However, holding organisms that are typi-
cally found in variable conditions under stable condi-
tions may also provide an incomplete picture of
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response. Other researchers have shown significant
changes in sediment porewater redox conditions over
hours (Wenzhofer & Glud 2004, Stahl et al. 2006) dri-
ven by diurnal production-respiration cycles at the
sediment—water interface. The low pH values we used
in these experiments are not abnormally low for pore-
water pH and well within values often found in coastal
sediments (Fig. 4; Stahl et al. 2006). We therefore sug-
gest that both short-term experiments that capture
responses and longer-term experiments that measure
baselines are needed to quantify response of shell-
forming species to changes in pH.

Coastal and estuarine sediments are habitats of sig-
nificant remineralization of organic matter, and thus
generate CO, (e.g. Green & Aller 1998, 2001, Anders-
son et al. 2006). The rapid equilibrium thermodynam-
ics of the carbonate system and diffusion-dominated
transport of solutes in organically rich sediments result
in higher concentrations of CO, and lower pH of sedi-
ment porewater versus overlying water, especially in
shallow, well-mixed water bodies (Fig. 4). Further-
more, porewater chemistry may vary over small spatial

pH
6.5 7.0 7.5 8.0

Sediment depth (cm)

—e— South Portland, ME
—v— Falmouth, ME
51 @ Long Island Sound, NY

6_

Fig. 4. Mercenaria mercenaria. Porewater pH profiles from 3

geographic locations often inhabited by hard clams and other

infaunal bivalves. Profiles were measured in early summer

from South Portland and Falmouth, Maine, and Long Island
Sound, New York

and temporal scales, as illustrated by rapid hourly
changes in both oxygen (Wenzhofer & Glud 2004) and
pH (Stahl et al. 2006) with diurnal cycles. Early post-
larval bivalves settle to these types of sediments that
are often undersaturated with respect to aragonite
(Green et al. 2009; Fig. 4), and must grow shell under
thermodynamically unfavorable conditions. Most recent
efforts to study acidification effects on near-shore tem-
perate shell bearing benthic fauna have examined
the larval stages (Clark et al. 2009, Miller et al. 2009,
Todgham & Hofmann 2009), which are believed to be
the most susceptible stage to decreases in pH, primar-
ily due to the solubility of larval shell (Weiss et al.
2002). The early post-larval stage is the link between
larval and adult stages, retains the larval shell section,
and must use significant energy reserves to success-
fully complete metamorphosis and organogenesis
(Rodriguez et al. 1990, Videla et al. 1998); its growth
and survival plays a significant role in population suc-
cess (Gosselin & Qian 1997). Despite the thermo-
dynamically unfavorable conditions for CaCOj preser-
vation Mercenaria spp. and many other aragonitic
bivalves are found in, they persist in these environ-
ments. It is clear that infaunal bivalves, and other shell
bearing infauna, must have evolved to cope with the
naturally variable and lower pH in marine sediments
(relative to overlying waters). However, our results cor-
roborate previous findings that dissolution pressure
may play a significant role in infaunal bivalve growth
(Ringwood & Keppler 2002) and survival (Green et al.
2004a, 2009), and this effect is mitigated with size
through the early post-larval stages. What is unclear is
the extent of pH change in marine sediments due to
anthropogenic impacts on biogeochemical cycles over
the course of weeks during bivalve early life history
and corresponding chronic and acute thresholds under
non-laboratory conditions.

The size range of hard clams in our experiments
(0.39 to 2.90 mm) corresponds to the post-larval stages
in which significant morphological development of
siphons, mantle, and shell occurs (Carriker 1961, 2001)
and mortality is high (Thorson 1966). We have com-
piled information from Carriker (2001) into a table
highlighting significant morphological changes to hard
clams with approximate size from larval through early
post-larval stages (Table 3). At the smallest sizes we
studied, 0.39 mm SH, the hard clam has not yet formed
a definitive inhalant siphon and pumps water through
the pedal opening, which must remain in contact with
overlying water, limiting the depth to which these sizes
can burrow (Carriker 1961, Zwarts & Wanink 1989).
The pedal opening will eventually fuse to form the
mantle folds, which is the location of the periostracal
groove, which produces the outer protective shell
layer called the periostracum (Saleuddin & Petit 1983,
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Table 3. Mercenaria mercenaria. Early development of hard clams, adapted from
Carriker (2001; and references therein). Shell height is approximate, as variability
exists in timing and size of these changes in shell stage and development. Prodisso-

to aragonite at the alkalinity in our
experiments (2.2 mmol 171). The in-
tersection of the net-zero calcifica-

conch stages are larval; Dissoconch stages are post-larval

tion line with the saturation state
threshold indicates size at which
these clams are predicted to be able
to overcome dissolution pressure.
However, some important caveats
are required with this prediction.
(1) It is unclear from current experi-

Shell stage Shell height (mm) Comments
Prodissoconch I 0.078 First shell material, 24 h post-fertilization
Prodissoconch II 0.098 Formation of mantle cavity begins
Dissoconch I 0.210 Typical settlement, early metamorphosis
0.275 Fusion of mantle lobes begins
0.300 Metamorphosis
Dissoconch II 1.000 Early development inhalant siphon
Inner fold of mantle formation
4.000 Definitive inhalant siphon

mental data, and other published
studies, if this relationship would
hold up over varying salinity and
temperature, as these appear to be

Checa 2000). Additionally, the mantle allows the bi-
valve to seal off the calcifying fluid from the surround-
ing seawater. At the Dissoconch II stage, between SH
of ~1 to 4 mm, the inhalant siphon forms, allowing the
hard clam to more effectively pump water into and out
of the mantle cavity (for feeding and respiration).

The early development of the siphon and mantle
folds may then represent a developmental bottleneck
of recruitment to adult populations in regards to lower
pH. During the post-larval stage significant reorgani-
zation of the body plan is underway (including changes
from larval to adult feeding organs), and the metabolic
costs of metamorphosis coupled with energetic de-
mands of shell formation (Palmer 1992, Hautmann
2006) could likely be partially mitigated by quickly
developing food capturing organs. If requisite feeding
organs are not yet developed during the early life
stages (Table 3), and exposure to lower pH environ-
ments requires more energy to pump protons out of the
calcifying fluid to counter dissolution pressure, then it
seems that a clam's post-larval development stage in
relation to sediment geochemistry is a crucial point for
success or failure. It appears that successful and rapid
metamorphosis (also affected in the larval stage by
acidity, sensu Talmage & Gobler 2009) and growth
should allow hard clams to overcome some level of
dissolution pressure by developing key organ systems
associated with feeding and shell growth, thereby lim-
iting the reliance on larval lipid reserves.

Solving the GLM from the results above for pH when
calcification is zero, over the size range used in our ex-
periments allows us to estimate a size threshold at
which these clams may overcome dissolution pressure.
The solution estimates at ~1 mm in SH (Fig. 5) or the
Dissoconch II stage, these organisms can overcome dis-
solution pressure. Although, this estimate is only for the
clams from the VA hatchery (due to limited sizes from
the FL hatchery), it provides a testable bench mark for
other studies. A horizontal reference line on Fig. 5 notes
the approximate saturation state threshold with respect

important covariates on calcification
rate in other juvenile bivalves (Waldbusser et al. 2010).
(2) The differences in calcification response between
the 2 hatcheries suggest that this predictive approach
may only be reliable within species. (3) This threshold
is estimated for groups of clams, so individual re-
sponses are likely to vary within a cohort; therefore, it
should be seen as a probable number rather than a
strict delineation. With these caveats, the predicted
threshold size of ~1 mm corresponds closely to the be-
ginning of Dissoconch II, at which siphons and mantle
folds become more fully developed, assisting in food
capture and assimilation. Interestingly, changes in car-
bon isotopic fractionation across the axis of shell growth

8.0 -
Predicted net zero calcification
78Nl Saturation state threshold
T8 Jeeeeeeeeeeee o N eeeerrrnnnnnnnnnneeees Sonannsdeenneeeeeeeeessnnnnnnnnnnn
0 7.4
g Net calcification
2 72
T
[}
7.0 1
Net dissolution
6.8 1
Predicted size to
6.6 1 overcome dissolution
0.5 1.0 1.5 2.0 2.5 3.0

Shell height (mm)

Fig. 5. Mercenaria mercenaria. Predicted pH (SWS: seawater
scale) thresholds for size of Mercenaria from the general lin-
ear model fit to the Virginia hatchery data only. Dotted line:
pH value at which waters become undersaturated with re-
spect to aragonite at the average experimental alkalinity,
salinity, and temperature (just <7.6). Net zero calcification
line: pH at size below which dissolution is predicted to occur.
It is important to note that these predictions are only applica-
ble to range of sizes and at the salinity/alkalinity of the cur-
rent experiments. Additionally, had this relationship been de-
termined for the Florida hatchery Mercenaria hybrids (based
on the limited data we have), a smaller size at which dissolu-
tion pressure could be overcome would have been found
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in hard clams indicate that larger/older clams utilize
more respired CO, for calcification versus smaller/
younger clams (Elliot et al. 2003, Lorrain et al. 2004,
Gillikin et al. 2007). Although to date little is known
about the isotope ratios in early juvenile shells, the in-
crease in respired C in shell material deposited with
age suggests the potential importance of feeding phys-
iology on calcification.

The current findings strongly support the ‘death by
dissolution’ hypothesis of Green et al. (2009), suggest-
ing that sediment pore-water carbonate thermodynam-
ics is a structuring factor for infaunal bivalve popula-
tions. Green et al. (2009) found significant mortality,
attributed to dissolution, over several days at a pH 7.0
for hard clams of nominal sieve sizes from 0.2 to 0.6 mm.
These sieve sizes correspond to ~0.4 to 0.9 mm shell
length in the current experiments, based on empirical
relationships determined with the current study organ-
isms. When pH was slightly higher at 7.3, the 0.2 mm
nominal sieve sized (or ~0.4 mm SH) clams experienced
significant mortality over days, while the 0.6 mm sieve
sized (~0.9 mm SH) clams did not (Green et al. 2009).

An alternative or complementary mechanism driving
the size effects is the ontological change in mineral
composition from ACC to aragonite (Weiss et al. 2002).
ACC is more soluble than aragonite; therefore, this
may also be a mechanism for the size dependent
effect of pH on calcification in this species. Significant
changes occur in shell composition over the course of
the larval stage; as the larvae grow, they deposit more
aragonite on the ventral margin relative to ACC. Weiss
et al. (2002) also found that ACC may be the precursor
to aragonite in the shells of Mercenaria mercenaria. In
scanning electron microscopy images of post-larval
M. mercenaria subject to low pH, Green et al. (2009)
noted the extensive deterioration of the umbo section
of the shell. The area noted in Fig. 7 of Green et al.
(2009) also closely corresponds to the prodissoconch
sections (larval) of the shell that would have propor-
tionally more ACC than aragonite. The SH of the area
illustrated in Green et al. (2009) is ~0.1 mm, corre-
sponding to the approximate transition between Pro-
dissoconch I and II (Goodsell & Eversole 1992). The
findings of Weiss et al. (2002) support the speculation
that a shift in calcification occurs between the Prodis-
soconch I and II stages, with considerably more arago-
nite in the Prodissoconch II stage (thus affording the
hard clam better ability to withstand lower pH). Our
findings show that at the smaller post-larval size, these
infaunal bivalves cannot net calcify under conditions
typical for terrigenous coastal sediments. Whether
these organisms are still calcifying at the same rate and
cannot build shell faster than it is dissolving, or if phys-
iological processes are slowed and the rate of new shell
growth slows is unknown.

The differences in calcification between clams from
the hatchery sources used in our experiments indicate
that genotypic differences among similar species may
play a significant role in determining susceptibility to
acidification effects. Although this was not an a priori
factor in our experimental design, the Source differ-
ences provide important insight for future studies.
Genetic analyses of northern hard clams Mercenaria
mercenaria from the Florida hatchery have shown that
nearly 25% of the hard clams in the hatchery are
hybrids with the southern hard clam M. campenchien-
sis (Arnold et al. 2009). The southern hard clam is gen-
erally believed to have a higher growth rate, and this
would support our findings of higher calcification in
the clams from the FL hatchery; however, the differ-
ences in growth among northern, southern, and hybrid
clams are complex and vary with habitat (Arnold et al.
1998). Conversely, Goodsell & Eversole (1992) found
that hard clam hybrids from M. mercenaria lines had
the highest rates of shell growth during the Prodisso-
conch II stage (just prior to metamorphosis). Relatively
little is known about possible differences in organo-
genesis in the early post-larval stages between the
2 species. We cannot definitively state whether the
genotypic differences are responsible for the differ-
ences in calcification rates; however, we suggest that
determining genotypic effects on calcification rates is
an important research avenue that requires further
investigation. Extensive work has shown differences in
growth rates of natural populations of M. mercenaria
with geographic location and other environmental
variables (Arnold et al. 1991, Carmichael et al. 2004,
Henry & Nixon 2008, Kraeuter et al. 2009). It would
therefore be naive to suggest that pH is the only factor
that would have significant effects on shell growth in
this species and other bivalves, as salinity and temper-
ature also alter calcification (Waldbusser et al. 2010).
However, the differences in hatchery calcification
rates suggest that selective breeding programs may
be one possible mitigation strategy for commercial
bivalve stocks.

Predicting the change in pH in coastal and estuarine
waters due to atmospheric CO, and other anthro-
pogenic impacts on biogeochemical cycles is a daunt-
ing task (Andersson et al. 2006, Blackford & Gilbert
2007, Wootton et al. 2008). Hard clams and other ben-
thic infaunal calcifiers are ecologically and commer-
cially important to many coastal ecosystems, their
sediment habitats are typically more corrosive than
overlying waters, and these ecosystems are likely to be
altered by increased CO, and acidification in complex
ways (Andersson et al. 2006, Borges & Gypens 2010,
Waldbusser et al. 2010). Therefore, it is important to
quantify the responses of sediment dwelling calcifying
organisms to changes in pH, while designing experi-



Waldbusser et al.: Size-dependent effect of pH on calcification 181

ments that more closely mimic the highly dynamic
nature of these habitats. Our experiments continue to
build upon mounting evidence that altering pH in
estuarine and coastal waters could have significant
impacts on populations and communities of calcifying
organisms in temperate coastal waters.

Acknowledgements. This work was supported by the National
Science Foundation OCE no. 0622999 to M.A.G. and G.G.W.
Additional laboratory assistance was provided by E. P. Voigt.
The authors also thank L. Cianelli for valuable discussions on
general linear models. We are grateful to B. Arnold, S. Kole-
sar, and 3 anonymous reviewers who provided critical and
valuable comments on a previous version of the manuscript.

LITERATURE CITED

Aller RC (1982) Carbonate dissolution in nearshore terrige-
nous muds: the role of physical and biological reworking.
J Geol 90:79-95

Andersson AJ, Mackenzie FT, Lerman A (2006) Coastal ocean
CO2-carbonic acid-carbonate sediment system of the
anthropocene. Global Biogeochem Cycles 20:GB1S92.
do0i:10.1029/2005GB002506

Arnold WS, Marelli DC, Bert TM, Jones DS, Quitmyer IR
(1991) Habitat-specific growth of hard clams Mercenaria-
mercenaria (L) from the Indian River, Florida. J Exp Mar
Biol Ecol 147:245-265

Arnold WS, Bert TM, Marelli DC, Cruz-Lopez H, Gill PA
(1996) Genotype specific growth of hard clams (genus
Mercenaria) in a hybrid zone: variation among habitats.
Mar Biol 125:129-139

Arnold WS, Bert TM, Quitmyer IR, Jones DS (1998) Contem-
poraneous deposition of annual growth bands in Merce-
naria mercenaria (Linnaeus), Mercenaria campechiensis
(Gmelin), and their natural hybrid forms. J Exp Mar Biol
Ecol 223:93-109

Arnold WS, Geiger SP, Stephenson SP (2009) Mercenaria
mercenaria introductions into Florida, USA, waters: dura-
tion, not size of introduction, influences genetic outcomes.
Aquat Biol 5:49-62

Blackford JC, Gilbert FJ (2007) pH variability and CO2 in-
duced acidification in the North Sea. J Mar Syst 64:229-241

Borges AV, Gypens N (2010) Carbonate chemistry in the
coastal zone responds more strongly to eutrophication
than to ocean acidification. Limnol Oceanogr 55:346-353

Carmichael RH, Shriver AC, Valiela I (2004) Changes in shell
and soft tissue growth, tissue composition, and survival of
quahogs, Mercenaria mercenaria, and softshell clams,
Mya arenaria, in response to eutrophic-driven changes in
food supply and habitat. J Exp Mar Biol Ecol 313:75-104

Carriker MR (1961) Interrelation of functional morphology,
behavior, and autecology in early stages of the bivalve Mer-
cenaria mercenaria. J Elisha Mitchell Sci Soc 77:168-241

Carriker MR (2001) Embryogenesis and organogenesis of
veligers and early juveniles. In: Kraeuter JN, Castagna
M (eds) Biology of the hard clam. Elsevier, Amsterdam,
p 77-115

Checa A (2000) A new model for periostracum and shell
formation in Unionidae (Bivalvia, Mollusca). Tissue Cell
32:405-416

Clark D, Lamare M, Barker M (2009) Response of sea urchin
pluteus larvae (Echinodermata: Echinoidea) to reduced
seawater pH: a comparison among a tropical, temperate,

and a polar species. Mar Biol 156:1125-1137

Cubillas P, Kohler S, Prieto M, Chairat C, Oelkers EH (2005)
Experimental determination of the dissolution rates of cal-
cite, aragonite, and bivalves. Chem Geol 216:59-77

Dillon RT, Manzi JJ (1989) Genetics and shell morphology
in a hybrid zone between the hard clams Mercenaria mer-
cenaria and Mercenaria campechiensis. Mar Biol 100:
217-222

Doney SC, Mahowald N, Lima I, Feely RA, Mackenzie FT,
Lamarque JF, Rasch PJ (2007) Impact of anthropogenic
atmospheric nitrogen and sulfur deposition on ocean acid-
ification and the inorganic carbon system. Proc Natl Acad
Sci USA 104:14580-14585

Dove MC, Sammut J (2007) Impacts of estuarine acidification
on survival and growth of Sydney rock oysters Saccostrea
glomerata (Gould 1850). J Shellfish Res 26:519-527

Edmond JM (1970) High precision determination of titration
alkalinity and total carbon dioxide content of sea water by
potentiometric titration. Deep-Sea Res 17:737-750

Elliot M, deMenocal PB, Linsley BK, Howe SS (2003) Environ-
mental controls on the stable isotopic composition of
Mercenaria mercenaria: potential application to paleoen-
vironmental studies. Geochem Geophys Geosyst 4:1056
doi:10.1029/2002GC000425

Feely RA, Sabine CL, Hernandez-Ayon JM, lanson D, Hales
B (2008) Evidence for upwelling of corrosive ‘acidified’
water onto the continental shelf. Science 320:1490-1492

Fritz LW (2001) Shell structure and age determination. In:
Kraeuter JN, Castagna M (eds) Biology of the hard clam.
Elsevier, Amsterdam, p 53-76

Gattuso JP, Frankignoulle M, Bourge I, Romaine S, Buddemeier
RW (1998) Effect of calcium carbonate saturation of seawa-
ter on coral calcification. Global Planet Change 18:37-46

Gazeau F, Quiblier C, Jansen JM, Gattuso JP, Middelburg JJ,
Heip CHR (2007) Impact of elevated CO2 on shellfish
calcification. Geophys Res Lett 34: LO7603 doi: 10.1029/
2006GL028554

Gillikin DP, Lorrain A, Meng L, Dehairs F (2007) A large
metabolic carbon contribution to the 3C-13 record in
marine aragonitic bivalve shells. Geochim Cosmochim
Acta 71:2936-2946

Glover CP, Kidwell SM (1993) Influence of organic matrix on
the postmortem destruction of molluscan shells. J Geol
101:729-747

Goodsell JG, Eversole AG (1992) Prodissoconch-I and II
length in Mercenaria taxa. Nautilus 106:119-122

Gosselin LA, Qian PY (1997) Juvenile mortality in benthic
marine invertebrates. Mar Ecol Prog Ser 146:265-282

Green MA, Aller RC (1998) Seasonal patterns of carbonate
diagenesis in nearshore terrigenous muds: relation to
spring phytoplankton bloom and temperature. J Mar Res
56:1097-1123

Green MA, Aller RC (2001) Early diagenesis of calcium car-
bonate in Long Island Sound sediments: benthic fluxes of
Ca?" and minor elements during seasonal periods of net
dissolution. J Mar Res 59:769-794

Green MA, Jones ME, Boudreau CL, Moore RL, Westman BA
(2004a) Dissolution mortality of juvenile bivalves in
coastal marine deposits. Limnol Oceanogr 49:727-734

Green MA, Gulnick JD, Dowse N, Chapman P (2004b)
Spatiotemporal patterns of carbon remineralization and
bio-irrigation in sediments of Casco Bay Estuary, Gulf of
Maine. Limnol Oceanogr 49:396-407

Green MA, Waldbusser GG, Reilly SL, Emerson K, O'Donnell
S (2009) Death by dissolution: sediment saturation state as
a mortality factor for juvenile bivalves. Limnol Oceanogr
54:1037-1047



182 Mar Ecol Prog Ser 417: 171-182, 2010

Hautmann M (2006) Shell mineralogical trends in epifaunal
mesozoic bivalves and their relationship to seawater
chemistry and atmospheric carbon dioxide concentration.
Facies 52:417-433

Henry KM, Nixon SW (2008) A half century assessment of
hard clam, Mercenaria mercenaria, growth in Narra-
gansett Bay, Rhode Island. Estuar Coast 31:755-766

[] Hinga KR (2002) Effects of pH on coastal marine phyto-

plankton. Mar Ecol Prog Ser 238:281-300

Kleypas JA, Buddemeier RW, Archer D, Gattuso JP, Langdon
C, Opdyke BN (1999) Geochemical consequences of
increased atmospheric carbon dioxide on coral reefs.
Science 284:118-120

Kraeuter JN, Flimlin G, Kennish MJ, Macaluso R, Viggiano J
(2009) Sustainability of Northern Quahogs (= hard clams)
Mercenaria mercenaria, Linnaeus in Raritan Bay, New
Jersey: assessment of size specific growth and mortality.
J Shellfish Res 28:273-287

Kurihara H (2008) Effects of CO2-driven ocean acidification
on the early developmental stages of invertebrates. Mar
Ecol Prog Ser 373:275-284

Langdon C, Takahashi T, Sweeney C, Chipman D and others
(2000) Effect of calcium carbonate saturation state on the
calcification rate of an experimental coral reef. Global Bio-
geochem Cycles 14:639-654

Levi-Kalisman Y, Falini G, Addadi L, Weiner S (2001) Struc-
ture of the nacreous organic matrix of a bivalve mollusk
shell examined in the hydrated state using cryo-TEM. J
Struct Biol 135:8-17

Lorrain A, Paulet YM, Chauvaud L, Dunbar R, Mucciarone D,
Fontugne M (2004) 8C-13 variation in scallop shells:
increasing metabolic carbon contribution with body size?
Geochim Cosmochim Acta 68:3509-3519

Miller AW, Reynolds AC, Sobrino C, Riedel GF (2009) Shell-
fish face uncertain future in high CO, world: influence of
acidification on oyster larvae calcification and growth in
estuaries. PLoS Biol 4(5):e5661 doi:10.1371/journal.pone.
0005661

Palin AT (1983) Chemistry and control of modern chlorina-
tion. LaMotte Chemical Products, Chestertown, MD

Palmer AR (1992) Calcification in marine mollusks: How
costly is it? Proc Natl Acad Sci USA 89:1379-1382

Portner HO (2008) Ecosystem effects of ocean acidification in
times of ocean warming: a physiologist's view. Mar Ecol
Prog Ser 373:203-217

Portner HO, Langenbuch M, Reipschlager A (2004) Biological
impact of elevated ocean CO, concentrations: lessons
from animal physiology and earth history. J Oceanogr 60:
705-718

Ringwood AH, Keppler CJ (2002) Water quality variation
and clam growth: Is pH really a non-issue in estuaries?
Estuaries 25:901-907

Rodriguez JL, Sedano FJ, Garciamartin LO, Perezcamacho A,
Sanchez JL (1990) Energy-metabolism of newly settled
Ostrea edulis spat during metamorphosis. Mar Biol 106:
109-111

Saleuddin ASM, Petit HP (1983) The mode of formation and
the structure of the periostracum. In: Saleuddin ASM,
Wilbur KM (eds) The mollusca, Vol 4. Physiology, Part 1.
Academic Press, New York, NY, p 199-233

Salisbury J, Green MA, Hunt C, Campbell J (2008) Coastal
acidification by rivers: a threat to shellfish? Eos Trans AGU
89:513-514

Editorial responsibility: Hans Heinrich Janssen,
Oldendorf/Luhe, Germany

Salisbury J, Vandemark D, Hunt C, Campbell J and others
(2009) Episodic riverine influence on surface DIC in the
coastal gulf of Maine. Estuar Coast Shelf Sci 82:
108-118

Smith SV, Key GS (1975) Carbon-dioxide and metabolism in
marine environments. Limnol Oceanogr 20:493-495

Soetaert K, Hofmann AF, Middelburg JJ, Meysman FJR,
Greenwood J (2007) The effect of biogeochemical pro-
cesses on pH. Mar Chem 105:30-51

Srna RF, Baggaley A (1976) Rate of excretion of ammonia by
hard clam Mercenaria mercenaria and American oyster
Crassostrea virginica. Mar Biol 36:251-258

Stahl H, Glud A, Schroder CR, Klimant I, Tengberg A, Glud
RN (2006) Time-resolved pH imaging in marine sediments
with a luminescent planar optode. Limnol Oceanogr
Methods 4:336-345

Stenzel HB (1963) Aragonite and calcite as constituents of
adult oyster shells. Science 142:232-233

[] Stenzel HB (1964) Oysters: composition of larval shell.

Science 145:155-156

Talmage SC, Gobler CJ (2009) The effects of elevated car-
bon dioxide concentrations on the metamorphosis, size,
and survival of larval hard clams (Mercenaria merce-
naria), bay scallops (Argopecten irradians), and Eastern
oysters (Crassostrea virginica). Limnol Oceanogr 54:
2072-2080

Thorson G (1966) Some factors influencing the recruitment
and establishment of marine benthic communities. Neth J
Sea Res 3:267-293

Todgham AE, Hofmann GE (2009) Transcriptomic response
of sea urchin larvae Strongylocentrotus purpuratus to
CO2-driven seawater acidification. J Exp Biol 212:
2579-2594

van Heuven S, Pierrot D, Lewis E, Wallace DWR (2009) MAT-
LAB program developed for CO, system calculations.
ORNL/CDIAC-105b. Carbon Dioxide Information Analy-
sis Center, Oak Ridge National Laboratory, US Depart-
ment of Energy, Oak Ridge, TN

Videla JA, Chaparro OR, Thompson RJ, Concha II (1998) Role
of biochemical energy reserves in the metamorphosis and
early juvenile development of the oyster Ostrea chilensis.
Mar Biol 132:635-640

Waldbusser GG, Voigt EP, Bergschneider H, Green MA,
Newell RIE (2010) Long-term trends in Chesapeake Bay
pH and effects on biocalcification in the Eastern oyster
Crassostrea virginica. Estuar Coast. doi:10.1007/s12237-
010-9307-0

Weiss IM, Tuross N, Addadi L, Weiner S (2002) Mollusc larval
shell formation: amorphous calcium carbonate is a precur-
sor phase for aragonite. J Exp Zool 293:478-491

Wenzhofer F, Glud RN (2004) Small-scale spatial and tempo-
ral variability in coastal benthic O2 dynamics: effects of
fauna activity. Limnol Oceanogr 49:1471-1481

Wilbur KM, Saleuddin ASM (1983) Shell formation. In: Wilbur
KM, Saleuddin ASM (eds) The Mollusca, Vol 4. Physio-
logy, Part 1. Academic Press, New York, p 235-287

Wootton JT, Pfister CA, Forester JD (2008) Dynamic patterns
and ecological impacts of declining ocean pH in a high-
resolution multi-year dataset. Proc Natl Acad Sci USA
105:18848-18853

Zwarts L, Wanink J (1989) Siphon size and burying depth in
deposit-feeding and suspension-feeding benthic bivalves.
Mar Biol 100:227-240

Submitted: January 22, 2010; Accepted: September 6, 2010
Proofs received from author(s): October 26, 2010



	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite48: 
	cite49: 
	cite50: 
	cite51: 
	cite52: 
	cite53: 
	cite54: 
	cite55: 
	cite56: 
	cite57: 
	cite58: 
	cite59: 
	cite60: 
	cite61: 
	cite62: 
	cite63: 
	cite64: 


