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INTRODUCTION

Anthropogenic fossil fuel emissions have led to the
rapid increase of atmospheric CO2. Its subsequent in-
trusion into the coastal and global oceans results in
ocean acidification (OA), increasing the partial pres-
sure of CO2 (pCO2), decreasing carbonate ion (CO3

2−)
concentration, and increasing proton concentration
(Caldeira & Wickett 2003, Orr et al. 2005). Progression
of OA decouples the oceanic carbonate acid-base sys-

tem via increased buffering of excess protons by car-
bonate. This exceeds the rate at which the carbonate
ion pool replenishes, thereby reducing the aragonite
and calcite saturation state (Ωar/cal) of calcium carbon-
ate (CaCO3) in surface waters by decreasing its ther-
modynamic stability (Feely et al. 2004, Doney et al.
2009, Hönisch et al. 2012). In near-shore coastal
waters where physical and biological processes such
as riverine input and production and respiration dom-
inate carbonate chemistry variability, a shifting base-
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line of atmospheric CO2 will result in an increased fre-
quency and magnitude of low saturation state events
and, therefore, longer periods of vulnerability for cal-
cifying organisms sensitive to the less favorable car-
bonate chemistry (Feely et al. 2010, Harris et al. 2013,
Hauri et al. 2013, Waldbusser & Salisbury 2014, Hales
et al. 2016). While it remains unclear if the effects of
OA will permeate into the upper sediment layer of
near-shore waters, recent evidence suggests that
overlaying water rich in CO2 can disrupt the pH sedi-
ment profile when compared to non-enriched water
(Queirós et al. 2015). These conclusions suggest that
OA could exacerbate the de gree of low saturation
state and corrosivity in shallow-water deposits; how-
ever, additive effects of OA on the carbonate system
are difficult to determine given that shallow-water
deposits are modulated via biological activity.

In the upper sediment layers, calcite and aragonite
pore-water saturation state is characterized as fre-
quently undersaturated due to high rates of organic
matter remineralization via aerobic respiration and
by the oxidation of reduced metabolites, all of which
vary on seasonal and annual timescales (Green &
Aller 1998, 2001). The domination of saturation state
by surficial aerobic metabolism, however, is dy na -
mic, and cycles diurnally due to the functional and
behavioral processes of the microphytobenthos (re -
stricted by irradiance penetration) and macroinfauna
on metabolic gas exchange in the upper sediment
layers (Wenzhofer & Glud 2004, Tang & Kristensen
2007). Inorganic and organic sediment composition,
microbial photosynthesis and respiration, and ben-
thos heterogeneity, therefore, create a mosaic of spa-
tial-specific regions in the upper millimeters of the
sediment that have high CO2 and low saturation state
(Glud 2008, Green et al. 2013, Waldbusser & Salis-
bury 2014). In these shallow-water deposits, where
rates of aerobic respiration are high, saturation state
is found to be at a minimum (Aller 1982), and this
happens to be at the sediment depths where bivalve
larvae, settle and metamorphose (Zwarts & Wanink
1989).

The effects of OA have been shown to decrease the
survival, settlement, and metamorphosis of develop-
ing bivalves, from the larval pediveliger to early
juvenile stage classes (Green et al. 2009, 2013, Tal-
mage & Gobler 2009). Post-larval, settling marine
 bi valves already exhibit significantly high mortality
rates (>98%), with ≥30% of the mortality potentially
occurring 1 to 2 d after settlement (Roegner & Mann
1995, Gosselin & Qian 1997, Hunt & Scheibling
1997). Multiple modes of mortality have been docu-
mented for post-larval juvenile bivalves, with preda-

tion being noted as most significant (Thorson 1966,
Ólafsson et al. 1994, Gosselin & Qian 1997,). Green et
al. (2004, 2009), however, proposed that the geo-
chemical undersaturation of aragonite may be a sig-
nificant contributor, as they identified that ‘just set-
tled’ juvenile hard shell clam Mercenaria mercenaria
experienced higher rates of mortality when exposed
to undersaturated conditions, relative to supersatu-
rated. While physical shell dissolution was observed,
the exact mechanism inducing mortality was not iden-
tified. In a related study on M. mercenaria, Wald -
busser et al. (2010) determined that juvenile calcifica-
tion rate decreased with saturation state, and that the
effects of low saturation were more pronounced at
smaller post-larval stages, precluding net positive cal-
cification for the smaller size classes (i.e. calcification
by larger clams was less sensitive to undersaturation).
Since a proportional relationship exists between cal-
cium carbonate saturation state and the substrate-to-
inhibitor ratio (SIR) — i.e. [HCO3

–/H+] — through the
thermodynamic equations, the relative significance
of either to calcification is still under examination
(Thomsen et al. 2015, Waldbusser et al. 2015b).

The metamorphosis of M. mercenaria follows larval
pediveliger settlement to the benthos, where com-
plete reorganization of the larval body plan occurs,
involving adult organ growth (e.g. kidneys and
heart), development of the mantle and siphons, and
production of the dissoconch I shell (Carriker 2001).
During metamorphosis, hard clams are unable to
feed for ~2 d, and are wholly reliant upon endoge-
nous energy stores from their larval stage (Carriker
2001 and references therein). The energetic demand
of metamorphosis, therefore, places a natural physio-
logical constraint on post-larval juveniles, and in -
creases susceptibility to abiotic stressors, such as acid -
ification (García-Esquivel et al. 2001, Waldbusser et
al. 2010). The kinetic constraint and high energetic
demand imposed by rapid biocalcification in under-
saturated waters with limited energy has been noted
for larval bivalves (Waldbusser et al. 2013, 2015a).
Thus, shifts in energy allocation toward protein turn-
over and ion transport increase as a means to main-
tain physiological homeostasis under OA stress for
larval calcifiers (Pan et al. 2015). If the ef fects of acid-
ification reduce the amount of available ATP
invested toward protein-specific synthesis of the
energetically costly organic matrix, which is the
nucleation site for calcium carbonate precipitation
(Lowenstam 1981, Palmer 1992, McConnaughey &
Gillikin 2008, Melzner et al. 2011, Waldbusser et al.
2013), then the reduction in calcification recorded by
post-larval M. mercenaria (Waldbusser et al. 2010) at
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undersaturation may be attributable to the stringent
energy budget during the period of metamorphosis,
and growth stages directly after.

The development of feeding siphons and calcifica-
tion organs following metamorphosis is commensu-
rate to juvenile hard clam size, and determines feed-
ing efficiency (Carriker 2001, Grizzle et al. 2001 and
references therein). The decreased sensitivity to the
ef fects of acidification at larger post-larval sizes
(Green et al. 2009, Waldbusser et al. 2010) therefore
implies that larger juvenile clams can acquire energy
faster, rebuild a depleted energy budget, and build
shell more effectively, thus coping with less favorable
seawater chemistry. In order for M. mercenaria to
transition quickly past this physiological bottleneck,
pediveligers must successfully settle onto often cor-
rosive sediments, maintain physiological homeosta-
sis, and develop at an undeterred rate to the early
juvenile stage. The sensitivity of M. mercenaria pedi-
veligers and early juveniles to acidification delin-
eates a specific vulnerable period during develop-
ment that can heavily affect the adult segment of the
population, and may become increasingly important
as OA and eutrophication potentially exacerbate less
favorable carbonate chemistry conditions within
coastal marine sediments.

To integrate experimental data on the acute re -
sponse of pediveliger and byssal plantigrade (early
juveniles) hard clams to changes in carbonate chem-
istry, we constructed a post-larval stage-based devel-
opment model of a cohort before, during, and imme-
diately following metamorphosis under multiple
degrees of acidification severity, which is described as
the product of the intensity and duration of a low sat-
uration state event (Sheffield & Wood 2008, Hauri et
al. 2013). Among the myriad processes affecting mor-
tality during this crucial life stage (e.g. predation and
bacterial infection), we focused specifically on the ef -
fects of aragonite saturation state (Ωar, hereafter ‘sat-
uration state’) on growth and survival, and examined
how temperature increase may be able to offset slow
growth induced by undersaturation of post-larval M.
mercenaria. Given that little to no field data currently
exist on the success of settled juveniles <1 mm shell
length (Fegley 2001), we utilized several laboratory
studies to parameterize the model. To validate our
model, we compared model predictions to experi-
mental results from Green et al. (2013). Specifically,
our objectives were to (1) identify how undersatura-
tion affects growth to a larger ‘escape’ size class, (2)
compare proportional differences in final 2.0 mm
clam abundances under deterministic and stochas-
tic saturation state as well as variation in settle -

ment patterns, and (3) assess whether temperature-
 dependent growth rates can overcome effects of
acidification on late larval and early juvenile clams.

MATERIALS AND METHODS

Matrix model

We constructed a 7-stage projection matrix model
(Lefkovitch 1965) to predict the effects of saturation
state dependent survival and growth (calcification) of
pediveliger and byssal plantigrade hard shell clams
with the MathWorks software Matlab (V. R2013a, b).
The model begins 10 d post fertilization when larval
clams are in the pediveliger stage, determinate by a
swimming-crawling lifestyle and prodissoconch II
shell (Carriker 1961). This initial stage class is fol-
lowed by 6 sequential stages of post-metamorphosis
development by the juvenile byssal plantigrade.
Stages were based on sizes of 0.2, 0.4, 0.6, 0.8, 1.0,
and 2.0 mm (denoted as important by Carriker 2001,
Chapter 3), where the 0.2 mm juvenile stage is the
newly metamorphosed benthic byssal plantigrade
(Fig. 1). The model utilizes an hourly time step for a
total duration of 60 d (1440 h). We assigned the
2.0 mm stage class as the endpoint for the model
because it has been deemed an ‘escape size’ from
moderate acidification effects on survival and growth
in lab based studies (Green et al. 2009, Waldbusser et
al. 2010). All surviving juveniles at the final time
point (tf) are considered to successfully join the adult
segment of the population, with the explicit caveat
that all other growth and mortality factors such as
food supply, egg lipid content, predation, and salinity
are not considered in this model.

Model parameters

Vital rates for the model, survival, intrinsic growth
(height of shell), and stage duration were determined
from laboratory and field experiments published in
the primary literature, as outlined below. We used
multiple linear regression analyses with time and sat-
uration state as independent variables to calculate
hourly survival rates for the pediveliger and byssal
plantigrade stages based on laboratory experiments
from Talmage & Gobler (2009) and Green et al.
(2009). Both studies utilized 3 discrete treatments of
low, medium, and high saturation states, which were
used to construct the linear trend for survival; mini-
mum saturation state values were ~0.8 and 0.4 for
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Talmage & Gobler (2009) and Green et al. (2009),
respectively. Survival rates were extrapolated when
necessary from the multiple linear regressions. Due
to the lack of empirical data for juveniles <1 mm, we
used intrinsic growth rates from the larval period for
all juvenile stages. We calculated this to be 8.8% d−1,
which was determined from culture experiments
examining size of larvae at settlement as a function of
temperature (Loosanoff 1959). Multiple field studies
from Ansell (1968) determined that optimal growth
temperature follows a Gaussian distribution that
peaks at 24°C; therefore, we utilized the growth rate
from Loosanoff (1959) corresponding to 24°C, i.e.
8.8% d−1. The per degree decrease in growth rate
outside of the optimal temperature range was deter-
mined by fitting a non-linear curve to the percent de -
crease in growth of larval clams at 24 and 28°C, as
examined by Talmage & Gobler (2011). We derived
the saturation state dependent stage duration for
byssal plantigrades as: 

(1)

where di is the stage duration at an ith stage class
(i.e. 0.2, 0.4, 0.6, 0.8, or 1.0 mm juvenile sizes), and
SH is the shell height at a given stage. The intrinsic
growth rate, m, is expressed as % h–1, calculated
from 8.8% d−1. This rate is temperature-dependent,
however, and was recalculated as described above
when simulations incorporated temperature effects.
The gom term is the proportion by which saturation
state affects growth, and is based on the non-linear

relationship of calcification (a proxy for growth rate)
as a function of saturation state, as examined by
Waldbusser et al. (2010). Based on these findings, we
fit a 4-parameter Gompertz function to describe the
response of growth rate to saturation state, in which
the effect of saturation state on growth produced an
output proportional term, gom. It should be noted
that stage duration for the first stage class of pedi-
veliger (d1) was not calculated using the above equa-
tion. This is because pediveligers metamorphose
rather than increase shell height when transitioning
to byssal plantigrades. Rather, the d1 parameter was
calculated from a logistic regression model applied
by Green et al. (2013) to fit experimental laboratory
data examining pediveliger acceptance or rejection
of undersaturated substrate; thus, the probability of
settlement was applied to the d1 parameter.

Vital rates were then used to construct and calcu-
late the model parameters — probability of survival
and retention within a stage (Pi) and probability of
transition to the next stage (Gi) — as:

(2)

and

(3)

where Si is the stage-specific survival probability
and di the stage-specific duration (Crouse et al.
1987). The parameters (i.e. projection parameters,
Table 1) where then input into a projection matrix
that collated the probabilities for all stage classes to
be modeled in the SR 1 model:
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Fig. 1. Conceptual diagram of a 7-class, stage-based, matrix model of hard clam Mercenaria mercenaria development from
larval pediveliger (0.2 mm shell height) to juvenile byssal plantigrade (2.0 mm). Projection parameter Pi, is the probability of
surviving and staying in a given stage (retention); Gi is the probability of growing to the next stage (transition). All Gi values 

are a function of growth (i.e. calcification), with the exception of G1, which is derived from settlement behavior
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where the resultant left cohort vector at time t is the
product of the projection matrix and the right cohort
vector at time t − 1, and ST is the number of individ-
uals in a given stage class.

Model simulations and saturation state variability

To validate the model, simulations were run at con-
stant saturation state values 1.4 and 0.6 under a
pulsed settlement scenario (SR 1 model), which were
used to replicate and compare against the experi-
mental field data (Fig. 2) from Green et al. (2013);
where crushed shells were used to buffer sediment
plots in a sheltered intertidal mudflat in Portland
Harbor, ME. Adjacent buffered and unbuffered plots
were compared to determine the response of clam
settlement to sediment saturation state. In order to
make results comparable, we rescaled our model
projections (of 100 individuals) and the Green et al.
(2013) data to a maximum density counted, as we did
not have larval abundance from the field experi-
ments. It is important to note that the Green et al.
(2013) experiments where performed with soft shell
clam Mya arenaria rather than Mercenaria merce-
naria, and that the field data does not provide
specifics on size distribution; however, the settlement
pulse in those cold waters is very abrupt. All subse-
quent simulations run after the initial model compar-

ison to Green et al. (2013) had a starting cohort size of
360 pediveligers over a 1 m2 area, which was based
on density distributions identified by Carriker (1961)
in a cubed meter of water from summer in situ sam-
pling in Little Egg harbor, NJ characterized by high
uniform salinity, dense aggregations of M. merce-
naria adults, and a negligible flushing rate. The fol-
lowing simulations examined the effect of saturation
state on stage duration. The constant saturation state
values for those simulations are the maximum and
minimum values of each variability scenario (Fig. 3).

The degrees of saturation state variability for
model simulations are intended to represent the diur-
nal variability of biogeochemical processes occurring
in the upper sediment layer. Since there is limited
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Fig. 2. Comparison of model predictions and field data for
hard clam Mercenaria mercenaria: proportion of pedi-
veligers counted in field experiments (Green et al. 2013)
from settlement to 35 d post settlement in control (j) and
buffered (j) sediment pore water, and corresponding model
predictions for controlled (dashed gray line) and buffered
(dashed black line) sediment pore water. Error bars are SD

Ωar              Time        Stage class         Projection                                                          Projection matrix
              point                                   parameter

1.2          t − 1        0.2 mm Ped                P1                   0.0278              0              0                 0                0                 0                0
|                |           0.2 mm Juv             G1, P2                0.9521         0.9928          0                 0                0                 0                0
|                |           0.4 mm Juv             G2, P3                     0              0.0033     0.9902            0                0                 0                0
|                |           0.6 mm Juv             G3, P4                     0                  0          0.0077        0.9875           0                 0                0
|                |           0.8 mm Juv             G4, P5                     0                  0              0             0.012         0.984             0                0
|                |           1.0 mm Juv             G5, P6                     0                  0              0                 0           0.0155        0.9948           0

1.2          t − 1        2.0 mm Juv             G6, P7                     0                  0              0                 0                0            0.0049           1

Table 1. Projection matrix for life stage development of hard clam Mercenaria mercenaria showing parameter values for all
stage classes at the initial time point only (probabilities vary by the hour). Ωar: aragonite saturation state; Ped: pediveliger; Juv:
juvenile; P: probability of survival and retention within a stage; G: probability of transition to the next stage. The projection
matrix shows values of G and P (in that order across the rows) calculated on the basis of an intrinsic growth rate of 8.8% d−1 at 

24°C. Vertical lines in Columns 1 and 2 indicate identical values from top to bottom
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data quantifying the diurnal changes in sediment
saturation state, approximations were based on lim-
ited studies and we used our discretion when decid-
ing an acceptable range of reported discrete high
and low values (Green & Aller 1998, Tang & Kris-
tensen 2007, Green et al. 2013). Five sinusoidal func-
tions with a mean saturation state of 1.2 and ampli-
tudes ranging 33.0, 49.5, 66.0, 82.5, and 100% of a
full Ωar unit over a 24-h period were chosen as the
different variability scenarios for the model, which
was formulated using the generic function:

(4)

where a is the amplitude (% of 1 Ω unit), b is the time
vector (24 h), and c is the vertical shift (Ωar = 1.2)
(Fig. 3). We chose to include this variability compo-
nent as it helps approximate change in vital rates by
inducing hourly changes in the retention (Pi) and
transition (Gi) projection parameters by fluctuating
the saturation state (changing the ‘gom’ term). That
is, as saturation state shifts lower it will reduce the
stage duration and survival rate; therefore, higher
variability (i.e. increasing the magnitude of low satu-
ration state) will result in a reduced number of post-
larval juveniles because their abundance is simply a
product of the projection matrix and cohort vector at
any given time (see SR 1). To introduce environmen-
tal and organismal stochasticity to each variability
scenario, a Gaussian distribution of white noise was
applied using a built-in Matlab function and setting
the signal-to-noise ratio at 25. This resulted in an
average integrated percent variance of 7.3% for all
scenarios over 1000 simulations (Fig. 3b). The 5 dif-
ferent amplitudes for each scenario represent low,
low medium, medium, medium high, and high satu-
ration state variability (mean saturation state, Ωar =
1.2).

Settlement behavior

In addition to the 5 variability scenarios, 2 different
settlement regimes were assessed in the model:
pulsed and diffused. While nearly all model simula-
tions were run using the pulsed settlement regime,
which followed the SR 1 model, a diffused settlement
regime was applied to a handful of simulations. The
diffused settlement regime followed the SR 2 model:
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where the Pd1 vector is the probability of an organ-
ism rejecting the substrate, surviving, and entering
the next time point as a pediveliger:

(5)

The pulsed settlement regime describes a case in
which all clams enter the model at the initial time
point, whereas the diffused settlement regime has
clams entering the model over a 10 d period follow-
ing a Gaussian distribution. Additionally, pediveli -
gers that did not settle at a given time point have the
probability of surviving and entering the diffused
pool at the next time point.

The SR 1 model, or the pulsed settlement regime, is
specifically aimed at predicting the stage duration
and growth to final stage class for all degrees of sat-
uration state variability. The projection matrix model
SR 2 (i.e. diffused settlement regime) simulates pro-
longed spawning events that occur in warmer waters
(Eversole 2001 and references therein). Since dif-
fused settlement is a specific life strategy for popula-
tions inhabiting warmer waters, we attempted to
simulate this potentially beneficial process by exam-
ining the effect on cohort survival. It is important to
note that no direct effect of temperature was applied
to larval introduction or pediveliger settlement. Rather,
this was a conceptual application to the model ac -
knowledging the possibility of diffused spawning.
The SR 2 model was, therefore, constructed to com-
pare with the SR 1 model, as both were used to eval-
uate the interaction of temperature and saturation
state variability given a population’s biogeographical
location and sea surface temperature. To determine
any statistical and comparative differences, both the
SR 1 and SR 2 projection matrix models were run at
1000 iterations for all 5 degrees of stochastic satura-
tion state variability.

RESULTS

Model comparisons with field data

The maximum proportion of pediveligers settling
and surviving to 35 d post-settlement in buffered and
unbuffered sediments from the Green et al. (2013)
study share a similar trend with our model simulations
set at the same saturation states (Fig. 2). Comparison
between our model projections and the Green et al.
(2013) field data resulted in a root mean square error
of 0.16 for the maximum proportion of juveniles
counted in either the buffered or un buffered scenar-
ios. Model simulations underestimated the proportion

of clams in undersaturated conditions (Ωar = 0.6) and
overestimated those in super saturated conditions
(Ωar = 1.4). The model drastically underestimated the
proportion of the maximum counted at ≤5 d; however,
projection estimates improved at >10 d (Fig. 2).

Comparing stage duration at a constant
saturation state

Stage duration for all post-larval juvenile size
classes responded to both the saturation state and
size of the organism (Fig. 4). Pediveligers were ex -
cluded because their stage duration follows the met-
ric of settlement rather than calcification. Stage dura-
tion when growing in 0.2 mm increments ranged
from ~2 d for 1.0 mm juveniles when Ωar ≥1.0, and
~15 d for 0.2 mm juveniles when Ωar was 0.2. Smaller
juveniles took longer to transition to larger size
classes across all saturation state values, and stage
duration was reduced as saturation state and size-
class increased. As conditions approached supersat-
uration (Ωar ≥1.0), the stage duration response to Ωar

became negligible because the acidification effect is
minimal on growth and survival when saturation
state is ≥1.0; this response is based on previous
experimental work (Green et al. 2004, 2009, Wald-
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busser et al. 2010). We note that the discrete satura-
tion state values for the stage duration analysis
(Fig. 4) correspond to the minimum and maximum
Ωar values of the variability scenarios used for other
analyses, all of which share a common mean Ωar of
1.2 (dashed line in Fig. 4).

Acidification-dependent survival and growth

Survival rate and stage duration were adjusted on
an hourly timescale according to the magnitude of
each variability scenario (Fig. 2). Simulations run at
the minimum saturation state values correspond to
the lowest and highest variability scenarios, and
resulted in a 182% difference in total survivors (n) at
tf (Fig. 5a), highlighting that periods below a satura-
tion state of 1.0 have a greater effect on survivorship
than periods above. The highest variability scenario
induced the greatest magnitude of change in vital
rates, which resulted in the lowest number of total
survivors reaching the 2.0 mm ‘escape size’ stage
class (Fig. 5b). Increasing saturation state variability
from 33 to 100% of a full Ωar unit lengthened the
number of days from 31 to 41, which corresponds to
the time it took for 75% of surviving clams to reach
the final 2.0 mm ‘escape size’ stage class (Fig. 5b).
There was a ~60% difference in n between the low-
est and highest variability scenarios, with the highest
variability resulting in the lowest survival (Fig. 5b,c).
Over 1000 iterations, the stochasticity applied to each
variability scenario resulted in a 28% maximum dif-
ference between the number of survivors at any
given iteration and the mean; however, the 95% CI
for the mean number of survivors never exceed ±0.11
after the 1000 iterations.

Growth dynamics between temperature and
 saturation state

Compared to the constant mean saturation state of
1.2, each level of variability decreased n at tf (Fig. 6).
The total number of survivors under the constant
mean saturation state scenario resulted in ~110 juve-
nile clams at tf, whereas the total number of survivors
at tf for the high variability scenario was 55 juvenile
clams. The 2:1 difference indicates that the effects of
high saturation state variability exert a control on
survivorship by reducing growth out of preceding,
more sensitive, stage classes (Fig. 5b). In order for
clams to increase survivorship and progress through
the model at a rate that is analogous to the constant
saturation state (Ωar = 1.2), intrinsic growth rates for
each variability scenario would need to be very much
higher as saturation state variability increased. Fig. 6
identifies the intrinsic growth rate needed for each
variability scenario to match the total number of sur-
vivors under the constant saturation state scenario
(with dashed bars and the rate in percent d−1). For the
high variability scenario, an intrinsic growth rate of
13.7% d−1 is needed to produce the same number of
surviving juveniles in the final stage class at tf as the
constant saturation state scenario.

Increasing the intrinsic growth rate can mitigate
the negative effects of saturation state variability on
survivorship by accelerating transition out of the
early, more sensitive stage classes (Fig. 6). Seawater
temperature plays a functional role in cellular metab-
olism, and can increase growth rates if temperatures
are optimal; the most favorable temperature in this
respect is ~24°C (Ansell 1968, Hamwi & Haskin
1969). We identified 24°C as optimal, but recognize
that sub-population growth rates may deviate ac -
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cording to habitat via other external factors (Grizzle
et al. 2001). Table 2 shows the adjusted growth rate
as a function of temperature and Mercenaria merce-
naria’s thermal tolerance and optima. A spectrum of
growth rates (Table 2) as a function of temperature
was compared between the constant mean scenario
as well as all variability scenarios (Fig. 7). Growth
rate outside of the optimal range (17 and 27°C) had

the lowest percent survivors at tf for all variability
scenarios. Under higher saturation state variability,
the difference in percent survivors across different
temperatures decreased (Fig 7a). That is, a smaller
difference was observed between the high variability
scenarios for all temperature-dependent growth
rates simulated. The temperature growth rate simu-
lations were run using the SR 1 (Fig. 7a) and SR 2
(Fig. 7b) models. Both model simulations produced
the same trends and resulted in little difference
between the percent survivors. The greatest differ-
ence in percent survivors between the 2 model simu-
lations was only 6.7% at tf, and this was at a growth
rate of 17°C with high saturation state variability
(Fig. 7). All significant differences (i.e. non-overlap-
ping error bars), therefore, are a result of growth rate
differences and not the model used for simulations.
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 Temperature (°C)                        Intrinsic growth (% d−1)

              17                                                      6.7
              20                                                      7.5
              22                                                      8.2
              24                                                      8.8
              27                                                      7.1

Table 2. Intrinsic growth rates of hard clam Mercenaria mer-
cenaria as a function of temperature. Average 2014 tempera-
tures on North American east coast (44° 54.2’  to 28° 31.18’ N)
for June and July (www.ndbc.noaa.gov) were used to calcu-
late rates based on pediveliger response to temperature and
optimum physiological temperature range (20−24°C) (Loosa-

noff 1959, Ansell 1968, Talmage & Gobler 2011)
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DISCUSSION

The developmental period of newly settled post-
larval bivalves is a vulnerable and critical period,
where survivorship and successful transition to more
developed stages can determine the dynamics and
recruitment of adult bivalves (Roegner & Mann 1995,
Gosselin & Qian 1997). We utilized the results of the
limited studies that documented the effects of acidifi-
cation on the early developmental stages of post-
larval Mercenaria mercenaria (Green et al. 2009,
2013, Waldbusser et al. 2010) to predict acidification
sensitivity during this important transition. Accord-
ing to our model, the magnitude of acidification has a
large effect on the settlement of larval clams, and on
the stage duration of post-larval development. In
addition, projections illustrate scenarios in which in -
creases in temperature could accelerate transition
through early, more sensitive stage classes. Our
model elucidates one way the effects of acidification
can impact the success of a cohort, and could be used
to corroborate comprehensive population models
that examine the physiological development associ-
ated with genetic variance in ecotypes, feeding rates,
and variations in temperature and salinity (Hofmann
et al. 2006). By examining the effects of acidification
on specific post-metamorphic developmental stages,
we can simulate how progression of OA and increas-
ingly episodic eutrophication events may affect M.
mercenaria cohort success through this critical life-
history bottleneck. While our model does not con-
sider the effects of post-settlement advection, short-
term acclimatization, carry-over effects, or predation
— which can increase with warmer temperatures
(Beal et al. 2001) — we have moderate confidence in
the model dynamics given the general coherence be -
tween the model and field data (Fig. 2) from Green et
al. (2013).

When compared to the Green et al. (2013) field
data, our model heavily underestimates the propor-
tion of the maximum counted at ≤5 d (Fig. 2). This is
due to the fact that the Green et al. (2013) study
counted all clams regardless of size, whereas our
model estimates of maximum proportion counted re -
lied on clams reaching the final stage; therefore, pre-
dictions did not show abundances in the first few
days. Small-scale spatial heterogeneity in sediment
saturation state, and the continued settlement of
clams over the duration of the field experiment may
be reasons why model projections underestimated
proportion of the maximum in unbuffered sediments.
The overestimated projection for the control sedi-
ment patch is likely due to other modes of mortality,

such as predation. While our model does not exactly
match the field data of Mya arenaria, which may
respond differently than M. mercenaria, the general
response to OA is striking. In addition, our model is
not inclusive of developmental stages occurring
before the pediveliger stage, where sensitivities are
present and manifest as delayed growth and abnor-
mal development, which can carry-over into juvenile
stages (Talmage & Gobler 2010, Barton et al. 2012,
Hettinger et al. 2012). The potential for short-term
ac clima ti za tion is also not captured here, as shifts in
metabolic energy can change physiological mecha-
nisms and biochemical pathways that adjust to main-
tain homeostasis when exposed to environmental
stressors (Applebaum et al. 2014, Pan et al. 2015).
Future model iterations could include an ancillary
model that independently parameterizes saturation
state (e.g. organic matter respiration rate), and incor-
porates other sediment biogeochemical processes,
such as the effects of calcification (resulting in net
reduction of alkalinity) and dissolution, as well as
macroinfauna effects on biogeochemical exchanges
(e.g. flux of NH4

+ and H2S, both of which are nega-
tive recruitment cues) (Krumins et al. 2013).

Acidification disproportionality affects the stage-
duration of smaller juveniles compared to larger
juveniles (Fig. 4) by reducing calcification rates
(growth), inhibiting organogenesis, or by delaying
metamorphosis and settlement (Talmage & Gobler
2009, Waldbusser et al. 2010, Green et al. 2013). Suc-
cessful development and escape to more resilient
life-stages then becomes a function of how quickly
post-larval clams can transition through the more
sensitive stages where energy acquisition is limited
due to low feeding rates and underdeveloped
siphons (Bayne & Newell 1983). The parameteriza-
tion of our model captures this interaction between
growth and size when under acidification (Fig. 4).
The ability to grow and transition to larger stage
classes while resisting internal shell corrosion and
maintaining homeostasis under acidification has
been shown to be coupled to internal energy budgets
and the ability to efficiently acquire food in older
juvenile mussels, >10 mm shell length (Melzner et al.
2011). In addition, Waldbusser et al. (2013, 2015)
found that larval bivalves 48 h post-fertilization
respond most first to saturation state, and proposed
that the rate of calcification for the initial shell layer is
dependent on saturation state, with the relationship
expressed as a kinetic-energetic constraint. Whether
or not rapid biocalcification is relevant during meta-
morphosis, there are developmental similarities be -
tween the production of the first shell layer and
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meta  morphosis, such that organogenesis, shell
growth, and homeostasis are dependent on internal
energy budgets during non-feeding periods, which
require higher than normal amounts of energy when
under the effects of acidification. Once feeding ap -
pendages develop, high rates of energy intake are
most likely needed to help compensate for the large
energetic demand of organogenesis, and to resist
acidification stress through acid−base regulation via
active ion transport across membranes, internal
HCO3

− buffering, or by controlling respiration (Walsh
& Milligan 1989, García-Esquivel et al. 2001, Wald-
busser et al. 2013).

Periods of favorable carbonate chemistry can occur
temporally when systems become net autotrophic
during daylight hours (Barranguet et al. 1998, Tang &
Kristensen 2007, Glud 2008, Fischer & Wenzhofer
2010), potentially mitigating the effects of acidification
on hourly timescales. Given the short time period in
which settlement, metamorphosis, and post-metamor-
phosis growth occur (Carriker 2001 and references
therein), the dynamic range of carbonate chemistry
diurnal variability is likely a significant component
determining M. mercenaria survivorship response to
the effects of acidification, and delineates the impor-
tance of settlement timing and metamorphosis to peri-
ods when carbonate chemistry is more favorable. Pre-
vious studies have highlighted the ex treme variability
of the carbonate system in near-shore coastal waters,
and describe the uncertainty of how biological
systems will respond to future CO2 intrusion and eu-
trophication (Anders son et al. 2006, Feely et al. 2008,
2010, Harris et al. 2013). By modulating saturation
state over a diurnal period, we attempted to capture
the effect of acidification severity (the integrated du-
ration and intensity), illustrating how post-larval clam
stage duration and survival rate respond to acute
acidification (Table 3, Fig. 5). It
should be noted that our model does
not allow for compensatory growth
(i.e. an accelerated growth rate fol-
lowing a period of growth or devel-
opment), if that occurs on timescales
of several hours. The high variability
scenario, therefore, extended the
magnitude of exposure to unfavor-
able and favorable conditions, which
resulted in a stage duration ~10 d
longer from the lowest variability
scenario, and reduced the total num-
ber of juveniles reaching ‘escape-
size’ (Fig. 5b). Given that all of our
variability scenarios share a com-

mon mean (i.e. equal hourly duration when Ωar <1.0),
the differences between our simulations are a result of
the magnitude of acidification, which affects the
severity (Table 3). Severity seems to accurately repre-
sent our findings because calcifying organismal
health correlates to the short-term integrated effects
of acidification (Beesley et al. 2008, Wood et al. 2008),
which fluctuates naturally in coastal shallow-water
deposits (Green & Aller 1998). Small et al. (2015a) re -
cently pointed out that the acute stress on acid− base
regulation under naturally high pCO2 variability may
determine future winners and losers via the mecha-
nisms in which calcifying organisms regulate their
acid-base equilibrium. While there is some evidence
to suggest that hourly shifts in carbonic anhydrase
production may be a response to acidosis (Connor &
Gracey 2011), other studies identify longer time scales
for acid−base regulation (Pane & Barry 2007, Melzner
et al. 2009). The timescale differences in re sponse,
however, are critical given that the duration and mag-
nitude at which acidosis occurs will determine the en-
ergetic investment that must be put into maintaining
acid-base homeostasis. That is, regardless of the spe-
cies- specific mechanism of acid-base regulation,
there must be sufficient amounts of metabolic energy
that can be invested to carry out these regulating pro-
cesses, and metamorphosis is an energetically de-
manding stage in itself.

Based on our model projections, increasing intrinsic
growth rate would be a key mechanism by which M.
mercenaria could reduce the stage duration of sensi-
tive post-larval stages, and thus increase overall sur-
vival. We manipulated intrinsic growth rate for all
variability scenarios to determine the minimum
growth rate needed to equal the number of total sur-
vivors under the constant mean scenario (Fig. 6). Our
model suggests post-larval clams would need to in-
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Variability             Ωmean       ΩUTR       Duration     Intensity     Severity
Scenario       Magnitude                                     (h)       (Ωmean − ΩUV)     I × D

Low                   ±0.33        1.2    0.05 − 0.33        11                2.3                25
Low medium  ±0.495      1.2    0.09 − 0.49        11                3.5                38
Medium            ±0.66        1.2     0.11 −0.65        11                4.6                51
Medium high ±0.825      1.2    0.14 − 0.82        11                5.8                63
High                   ±1.0         1.2    0.18 − 0.99        11                 7                 77

Table 3. Variability scenarios used to model life stage development of hard clam
Mercenaria mercenaria, showing effects of saturation state (Ω) variability around
a mean/threshold value of 1.2. ΩUTR is the under threshold range that persists for
11 h over a 24 h period, represented as 1 × 11 array. Intensity is the difference
between the 1.2 saturation state threshold/mean and the average saturation
state values from 1000 iterations that are under the threshold value (ΩUV) in a di-
urnal period (e.g. intensity value = 1.2–1.0) (Sheffield & Wood 2008, Hauri et al. 

2013). All intensity values were integrated for the entire duration: 11 h
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crease calcification by a minimum of 3.0% and up to
56% for a highly variable aragonite saturation state.
Increasing calcification by 56% may be possible in
some individuals considering the high variance in
growth rates just within a single cohort; however, the
inherent factors determining growth variance are dif-
ficult to tease apart, and high growth rates are not
consistent enough among M. mercenaria larvae to
positively affect a significant proportion of a cohort
(Przeslawski & Webb 2009). We would be remiss if we
did note not that we are unaware of studies that
would indicate what degree of compensatory growth
is possible at these early life stages, which could be
one mechanism by which our modeled effects could
be mitigated. Hybridization between Mercenaria
species (M. mercenaria × M. campe chi ensis) has also
been shown to produce growth rates that are more
than double that of M. mercenaria, and could explain
the significant differences found in calcification rate
between 2 geographically separated cohorts (Arnold
et al. 1996, 1998, Waldbusser et al. 2010). The genetic
variability acting upon M. mercenaria growth rate is
complex, and shifts throughout ontogentic develop-
ment, as well as across habitats, making selective
breeding for M. mercenaria growth enhancement dif-
ficult and in conclusive (Hilbish et al. 1993, Arnold et
al. 1998, Grizzle et al. 2001, Hilbish 2001). While it re-
mains unclear whether or not differences in genotypic
growth traits exist throughout M. mercenaria’s latitu-
dinal distribution (Hilbish 2001), it is suggested that
the genetic variation throughout M. mercenaria pop-
ulations is homogenous, indicating that genotypic en-
hanced growth can occur for any geographical popu-
lation (Rawson & Hilbish 1991, Hilbish 2001).

The most significant environmental factor that af -
fects growth rate is temperature (Grizzle et al. 2001
and references therein). While food quality and
quantity is also a significant factor determining
growth, and at the right combinations can elicit a 4-
fold increase in growth rate (Walne 1970, Bayne &
Newell 1983, MacDonald et al. 1998), temperature
is still found to be the major environmental determi-
nate (Grizzle et al. 2001 and references therein,
Weiss et al. 2007). The biogeographical range of M.
mercena ria populations extends across a latitudinal
gradient of sea surface temperatures that directly
affect clam growth rates, with annual measurements
of shell length found to be consistently higher for
southern populations despite large seasonal varia-
tions in growth rate, with maximum growth rates
occurring between 20 and 24°C (Ansell 1968, Griz-
zle et al. 2001 and references therein). Even though
most studies have only examined annual tempera-

ture-dependent growth rates, there is evidence to
suggest that the  annual rates correlate to shorter
timescales and acute responses (Loosanoff 1959,
Weiss et al. 2007, Talmage & Gobler 2011), as does
the temperature optima  de termined from annual
growth rates (Hamwi & Has kin 1969). We therefore,
incorporated temperature- dependent growth rates
(Table 2) to determine changes in total percent sur-
vivors (Fig. 7). We ran these simulations under both
the pulsed and diffused models, and found the per-
cent difference in survivors to be trivial (≤ 6.7%).
This suggests that our model may not have effi-
ciently captured the diffused spawning life strategy,
which could potentially improve cohort success.
This may be due to the fact that model simulations
only ran for 60 d. Therefore, it is possible that a por-
tion of individuals never reached the 2.0 mm stage
class if they entered the model 5−10 d after it
began, which would reduce the total number of sur-
vivors at tf. The overall significant differences in
total percent survivors were, then, due to the differ-
ences in growth rate and not diffused introduction
(Fig. 7), highlighting that rapid progression through
sensitive life- history stages may be a critical strat-
egy and trait for post-larval clams to cope with OA.

The highly variable nature of coastal ocean carbon-
ate chemistry represents a challenging setting, in
which our model attempts to predict how late larval
and post-larval M. mercenaria will respond under
various future climate change scenarios. With myriad
factors determining survivorship and adult recruit-
ment (Gosselin & Qian 1997, Fegley 2001, Green et
al. 2009), the negative effects of acidification may be
a growing contributor to M. mercenaria cohort suc-
cess in wild populations. Coincidently, however, in -
creasing sea surface temperatures may prove to be a
mitigating factor from the deleterious effects of acidi-
fication, with evidence showing that temperature
 increase within an organism’s thermal tolerance can
offset the effects of acidification on growth, develop-
ment, and settlement (Waldbusser et al. 2011, Kroe -
ker et al. 2014, García et al. 2015). This finding should
be considered carefully, however, as other studies
have found that temperature increases be yond ther-
mal thresholds interact synergistically with increased
pCO2 to lower physiological tolerance to high CO2

concentrations (Pörtner 2008, Talmage & Gobler
2011). Further investigation is needed to corroborate
our model findings of the positive effect temperature
may have on specific ecotypes of M. mercenaria, par-
ticularly when these potential multi-stressors create
mosaics of complex environmental and biological
 interactions that affect an organism’s performance
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during specific developmental stages for marine cal-
cifiers (Small et al. 2015b, Kroeker et al. 2016). Our
model exploring the effects of acidification on a post-
larval M. mercenaria cohort is an initial step toward a
better understanding of how growth and acidification
sensitivity during this critical life-stage can predict
future ‘winners’ and ‘losers’ in a warming and high-
CO2 world. Further, our model provides a basis for
predicting biological responses in the context of acid-
ification severity, which better captures the natural
responses of biological systems to variable carbonate
chemistry (Hauri et al. 2013), and has the potential to
be incorporated into future biophysical monitoring
efforts that are aimed at supporting the local com -
munity structure and economic stability of shellfish
aquaculture.
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