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Abstract The goal of this study was to quantify growth
and metabolic responses of oysters to increased tempera-
tures like those that will occur due to global warming.
Impact of temperature on eastern oyster (Crassostrea vir-
ginica) shell growth and metabolism was investigated by
sampling 24 sites along the eastern North American sea-
board ranging from New Brunswick, Canada, to Florida,
USA, in March and August 2013. There was a positive
correlation between oyster shell thickness and site tempera-
ture. At southern sites, shells were up to 65 % thicker than
at the northernmost site, likely due to higher precipitation
of CaCOj; in warmer water. This was supported by labora-
tory experiments showing that thicker shells were produced
in response to temperatures 2, 4, and 6 °C above ambient
seawater temperatures (8—14 °C) in Connecticut, USA.
Field experiments with oyster respiration were conducted
during winter and summer at 13 sites to compare responses
to thermal stress with latitude. Respiration rates were much
higher during summer than winter, but the combination of
summer and winter data fell along the same exponential
curve with respect to temperature. At all sites, tempera-
ture-specific metabolic rates at elevated temperatures were
lower than predicted, indicating significant seasonal accli-
matization by C. virginica.
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Introduction

To predict impacts of climate change on individual species,
it is vital to understand how the link between temperature
and physiology changes on a seasonal and latitudinal basis.
In species with large geographic ranges, there are often
morphological and physiological differences among popu-
lations that can lead to differential responses to elevated
temperatures (Dittman et al. 1998). Variability among pop-
ulations over a large geographic range can thus complicate
attempts to predict species-specific metabolic responses to
climate change (Jansen et al. 2007; Cherkasov et al. 2010).
Morphological changes in response to temperature over a
latitudinal range are especially complex in estuarine habi-
tats, where changes in water temperature on a latitudinal
and seasonal basis are accompanied by variation in salinity,
food availability, and other environmental factors (Brown
and Hartwick 1988; Irie 2005; Schone et al. 2006; Wald-
busser et al. 2011). Calcifying organisms display a particu-
larly complex reaction to environmental conditions since
calcification rates change based on factors such as tempera-
ture, salinity, pH, nutrients, and calcium carbonate (calcite
and aragonite) saturation states (Morse and Mackenzie
1990; Dissard et al. 2010). For example, in Mytilus edulis,
a temperature increase from 4 to 20 °C more than doubles
calcification rates (Malone and Dodd 1967). It is therefore
necessary to integrate experimental data with large-scale
geographic patterns in order to assess the impact of latitudi-
nal temperature gradients on metabolism and morphology
and to predict the influence of climate change (Jansen et al.
2007).

In marine ectotherms, such as oysters, metabolic rate
is positively correlated with temperature (e.g., Newell
et al. 1977; Shumway and Koehn 1982; Haure et al. 1998;
Jihong et al. 2004; Mao et al. 2006; Pernet et al. 2008).
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Temperature varies with latitude and season, so oysters
and other species with broad distributions have intraspe-
cific variations in metabolic rates on a spatial and temporal
basis. Previous studies relating temperature to metabolism
have measured responses to changes in temperature at one
site (Shumway and Koehn 1982; Boucher and Boucher-
Rodoni 1988; Mao et al. 2006; Martin et al. 2006) or
measured in situ metabolic rates along a geographic tem-
perature gradient (Dittman et al. 1998; Jansen et al. 2007).
Some species, such as the bivalves M. edulis and Macoma
balthica, reduce their metabolism in summer due to tem-
peratures above their breakpoint temperature (maximum
respiration rate), while other mollusks, such as Crassos-
trea gigas and Crepidula fornicata, display their highest
metabolic rates during the summer (Boucher and Boucher-
Rodoni 1988; Mao et al. 2006; Martin et al. 20006).

For calcifying organisms, shell growth and calcifi-
cation patterns are also affected by seawater carbonate
chemistry, which is dependent on temperature and salinity
(Morse and Mackenzie 1990; Ferguson et al. 2008; Wald-
busser et al. 2011). Shell growth varies with temperature
seasonally (Kanazawa and Sato 2008; Waldbusser et al.
2011), latitudinally (Irie 2005), and on a climatological
scale (Schone et al. 2006; Miyaji et al. 2010). Temperature
can impact the defensive abilities of calcifying organisms
such as mollusks by altering shell strength or shell thick-
ness, affecting vulnerability to crushing (crabs), or drilling
predators (gastropods) (Nicol 1967; Palmer 1992; Trussell
and Etter 2001). Large-scale patterns of shell thickness can
also be affected by biological factors such as predator den-
sity, which can induce shell-thickening in intertidal snails
including Nucella lapillus, Littorina obtusata, and L. lit-
torea (Trussell and Etter 2001; Trussell et al. 2003), clams
including Mercenaria mercenaria (Nakaoka 2000), and
oysters including Crassostrea virginica and C. ariakensis
(Newell et al. 2007; Lord and Whitlatch 2012).

The eastern oyster, C. virginica, increases calcifica-
tion rates and shell growth rates at higher temperatures
(Dame 1972; Waldbusser et al. 2011). The metabolism of
C. virginica from Long Island Sound, USA is also strongly
temperature dependent (Shumway and Koehn 1982).
Studies of metabolic rates of marine invertebrates typically
use oxygen consumption (VO,) as a proxy (Jansen et al.
2007). Species such as C. virginica that have temperature-
dependent metabolism and shell growth will be affected by
predicted 2—4 °C increases in global ocean temperature by
2100 (Pachauri and Reisinger 2007).

Changes in growth and metabolism of eastern oys-
ter populations may have large ecological and economic
impacts, since oysters are a commercially important
species throughout their range and are ecosystem
engineers (Coen et al. 2007). Oysters not only filter
estuarine water and play a large role in benthic—pelagic
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coupling, but oyster reefs provide feeding habitat and ref-
uge from predation for several benthic and pelagic species
(e.g., Grabowski et al. 2005; Coen et al. 2007; Stunz et al.
2010). In order to predict future climate-induced changes
in oyster populations and in oyster distribution, it is neces-
sary to understand the way that oyster shell characteristics
and metabolism respond to increased temperatures along a
latitudinal gradient.

The goals of this study were to determine the effect of
temperature on C. virginica metabolism and shell growth
by testing the responses of oysters to experimentally ele-
vated temperatures in the laboratory, and in the field at
sites spanning a wide latitudinal range. We tested meta-
bolic responses and measured shell thickness on both local
and latitudinal scales because experimentally determined
thermal effects on shell growth and metabolism are often
generalized for an entire species, despite large variability
among populations and along a latitudinal gradient (Dame
1972; Singh and Zouros 1978; Shumway and Koehn 1982;
Dittman et al. 1998; Jansen et al. 2007; Waldbusser et al.
2011). We tested three main hypotheses in this study: (1)
oysters from the northeastern USA would show increased
growth rates when grown in warmer laboratory conditions
since they live far from the southern range limit of the spe-
cies, (2) shell thickness would increase from north to south
because warmer temperatures result in lower solubility
of calcium carbonate, which facilitates shell deposition
and (3) southern C. virginica populations would be more
stressed by elevated temperatures during the summer than
northern populations since they are closer to the upper tem-
perature limit for the species, i.e., ~36 °C (Galtsoff 1964).
We also quantified the density of a major oyster predator,
the oyster drill Urosalpinx cinerea, in order to test whether
predator density affects shell thickness over a large geo-
graphic range. We conducted field surveys and experiments
at 24 sites over a large latitudinal gradient (26—47°N) along
the east coast of North America, enabling us to assess the
role of temperature in describing and predicting large-scale
patterns in C. virginica metabolism and morphology.

Materials and methods
Laboratory experiments

All laboratory experiments were conducted in the J. S.
Rankin Jr. Seawater Research Laboratory at the Univer-
sity of Connecticut, Avery Point. Oysters were provided
by Fisher’s Island Oyster Farm, where they were grown
in brackish Ocean Pond and then in an open ocean envi-
ronment on Fisher’s Island, New York. They were tagged
with Hallprint® shellfish tags super-glued to the left valve
(cupped side of the shell). Oysters were kept in 20- and
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25-L flow-through seawater tanks, each connected to a heat
exchanger that controlled the temperature of the flowing
seawater. Each tank was fed by a separate seawater hose
that coiled through a heat exchanger, so all water sources
were independent and supplied seawater at approximately
1 L min~!. Aqua Logic® digital temperature controllers
with temperature probes in the experimental tanks turned
the heaters on and off in order to regulate the temperature
of the heat exchangers and produce the desired temperature
outflow in each experimental tank. Temperature controllers
were precise to within 1 °C and were used to create four
temperature treatments of five tanks each: control (ambi-
ent seawater temperature), +2 °C above ambient, +4 °C
above ambient, and 46 °C above ambient. Temperatures
in the tanks were further monitored by HOBO® data log-
gers which recorded water temperature every hour for the
3 month duration of the experiment. Ambient seawater
temperatures increased from 8 °C at the start of the experi-
ment to 14 °C by the end and elevated temperature treat-
ments went up accordingly.

Each of the five tanks in the control treatment contained
10 small (1 cm long) and 10 large (6 cm long) oysters (total
50 per size class), with no significant differences in size
among treatments at the start of the experiment. Each of the
elevated temperature treatment tanks contained 5 large and
5 small oysters (5 tanks per treatment = 25 per size class
per treatment). Twice as many oysters were used in the con-
trol treatment to account for the possibility of food limita-
tion; under food-limited conditions, control oysters should
display thicker shells than in other treatments (Brown and
Hartwick 1988). Oysters were obtained in December 2011
stored in flowing ambient seawater temperature tanks for
1 month, and then transferred to the experimental tanks for
3 months from January to April 2012. Prior to the start, and
at the end of the experiment, all oysters were weighed in
air (wet weight) and weighed in water (immersed weight)
as in Palmer (1982) in order to estimate the shell weight of
live oysters. The immersed weight correlates linearly with
shell weight (Suppl. Fig. 1). A regression was then deter-
mined by dissecting and weighing the shells of 20 non-
experimental oysters, and used to convert immersed weight
to shell weight (Palmer 1982). All oysters were also photo-
graphed before and after the experiment, and the area of the
left valve was measured with the image analysis software
ImageJ (NIH). These data were used to determine growth
rates in terms of shell weight, shell thickness, shell area,
and tissue weight for C. virginica at different temperatures
over the 3-month experimental period. In order to control
for variability in the initial size of the oysters, all growth
rates were calculated as new growth divided by initial size
in the unit being measured. Shell growth differences were
quantified with ANOVA tests between treatments, with
Tukey’s tests for pairwise comparisons.

Latitudinal patterns in shell thickness

Opyster shells were collected from natural populations in 24
different intertidal locations along the east coast of North
America, from the northernmost end of the range of C. vir-
ginica (New Brunswick, Canada) to south Florida (Fig. 1;
Table 1). To assess changes in shell morphology with lati-
tude, shell thickness was determined to be the most useful
measure of morphological differences, since growth rates
could not be determined over short sampling intervals and
shell lengths and weights tend to be highly variable (Palmer
and Carriker 1979). Shell thickness was inferred from
shell weights (from dissected oysters) divided by surface
area of the left valve (measured via photograph analysis).
This was compared with actual maximum shell thickness,
determined by measuring shell thickness of longitudinal
cross sections with digital calipers for 171 oysters (~10
from each site sampled in March) to the nearest 0.1 mm.
There was a strong correlation between inferred thickness
(g cm™?) and measured shell thickness (mm) indicating
that this inferred thickness estimates actual shell thick-
ness (Regression ANOVA Fi169) = 323.37, R*> = 0.66,
p < 0.001) (Suppl. Fig. 2). While shell thickness was not
measured directly, the same method was used for all 24
sites and for laboratory experiments and was an accurate
measure of the amount of shell material deposited by oys-
ters per square centimeter of left valve area.

Differences in inferred shell thickness between sites
were analyzed by comparing residuals from a common
regression in order to account for size-based differences
in shell weights. A regression between left valve shell area
(from photographs and image analysis) and shell weight
was created from a pooled dataset including all oysters
from all 24 sites. Residuals were then calculated as the
difference between each actual oyster shell weight and
the regression-predicted shell weight for that oyster. This
method reduced variability in inferred thickness compari-
sons and eliminated concerns that between-site variability
could be dependent on the size of C. virginica sampled at
each site.

At each site, 17 C. virginica were collected haphazardly
along a 25-m transect, weighed on an electronic balance
accurate to 0.01 g, and photographed for measurement of
shell area. Oysters were then dissected, with wet tissue and
wet shell weights measured separately on an electronic
balance in order to determine the relative amounts of shell
and tissue. Some oysters at each site were excluded from
analysis if they had broken or damaged shells that would
influence measurements of area or weight, but at least 12
oysters were dissected and measured at all sites.

Several other abiotic and biotic measurements were
made at each site to determine possible correlations with
oyster shell morphology. Water temperature and dissolved
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'Ijable 1 Site Qetails for al! 24 Site Name Site label Metab expt Latitude N-S Salinity Temperature (°C)
sites sampled in March (winter)
or August (summer) 2012 Winter Summer
Miramichi, NB NB Winter 47.22 30 —1.0* 15.0%
North Point, PEI PEI 47.05 30 0.0%* 16.0%*
Damariscotta River, ME DR Both 44.03 27 7.9 17.0
Sippewissett Marsh, MA  SM Winter 41.57 25 6.0 22.3%
Quissett Harbor, MA QH Summer 41.57 24 11.9% 24.3
Newport, RI RI Summer 41.47 25 7.5 21.0
Groton, CT CT Winter 41.33 27 6.0 22.0%*
Eastern Shore 1, VA ES1 Both 37.62 26 16.7 30.7
Eastern Shore 2, VA ES2 37.61 24 15.6 30.8
Chesapeake Bay, VA CB Summer 37.46 24 9.0%* 25.0
Rachel Carson 1, NC RC1 34.71 27 16.9 26.5
Rachel Carson 2, NC RC2 34.71 25 17.1 26.5
. Rachel Carson 3, NC RC3 Both 34.71 25 17.1 26.5
Winter and summer
temperatures refer to Oyster Landing, SC OL Summer 33.35 25 18.6 342
measurements taken at each Clambank Landing, SC CL 33.34 27 18.2 32.7
site; if a site was not sampled in  Folly Beach, SC FB Both 32.66 20 17.9 30.0
that season, then temperatures Tybee Island, GA I Both 31.99 24 168 307
are taken from average local
SST for that month (asterisk West Tybee, GA WT 31.99 22 16.8* 30.7
next to satellite data) (from Marshes of Glynn, GA MG 31.15 23 21.0 27.2
www.node.noaa.gov). Site Pumpkin Hill, FL PH Both 3048 16 197 297
l‘;]t:)ilvirﬁfe];;o i‘ltgilt‘; O Butler Park, FL BP 29.79 24 206 272
metabolism experiments were Crescent Beach, FL HB Both 29.76 27 20.9 26.7
conducted are indicated along Fort Pierce, FL FP Summer 27.46 27 23.0% 29.4
with experiment timing in the MacArthur Beach, L MB Both 26.83 25 246 312

metabolism experiment column

oxygen levels were measured with a YSI® Ecosense
DO200A dissolved oxygen and temperature meter, and
salinity was measured with a refractometer. Average
annual seawater temperature estimates for each region
were obtained from the NOAA National Oceanographic
Data Center, which provides monthly temperature data for
the USA coast. Surveys for oyster drills (U. cinerea and
Eupleura caudata) were conducted in order to assess cor-
relations between predator density and shell growth pat-
terns. At each site, one 15-m transect was run parallel to the
shoreline through the center of the oyster bed in the area
from which oysters were collected. Oyster drills within
0.5 m on either side of this transect (1-m wide swath) were
counted; loose oysters and rocks were turned over to search
for drills, but surveys were otherwise non-destructive.

Latitudinal patterns in respiration

Respiration experiments were conducted at 11 sites in
March 2012 and 13 sites in August 2012, (Table 1; Fig. 1).
At each site, 30 C. virginica were collected and placed
(left valve downward) in haphazard order into closed 355-
mL glass jars with in- and out-flowing air tubing. These
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closed chamber respirometers were placed in coolers filled
with seawater; 15 chambers in a cooler at ambient seawa-
ter temperature, and 15 chambers in a cooler at seawater
temperature elevated 3 °C above ambient. Chambers were
aerated for 45 min, so oysters could acclimate before the
experiment, after which the air tubes were capped, sealing
the chamber. Using closed chambers to measure bivalve
respiration is common and effective (Buxton et al. 1981;
Shumway and Koehn 1982; Vedpathak et al. 2011), and
laboratory experiments confirmed a strong correlation
between field respirometer and Strathkelvin respirometer
results (regression ANOVA, F(mg) = 578.9, p < 0.0001,
R* = 0.954) (Suppl. Fig. 3).

Experiments were conducted for 2 h during the win-
ter and 30 min during the summer due to dramatically
increased respiration rates during warmer months. At the
end of the experimental period, the lids of the respirom-
eter chambers were removed and dissolved oxygen levels
in each chamber measured with a YSI® Ecosense DO200A
dissolved oxygen (DO) meter in mL L~'. Each treatment
had two control chambers that went through the same
aeration and experimental process but did not contain oys-
ters, so oxygen consumption (VO,) for each oyster was
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Fig. 1 Sampling locations for Crassostrea virginica studies in March
and August 2012. Open diamonds represent sites sampled only
in March; open circles, in August; filled diamonds both March and
August. See Table 1. Latitude on right margin

measured as control DO level minus experiment DO level
in M1 L™!. Each oyster was weighed on a digital balance,
and tissue weight was estimated from regressions between
wet weight and tissue weight that were created from dis-
sected oysters at each site. To compare respiration between
oysters of different sizes, VO, for each oyster was corrected
to mean dry tissue weight (0.88 g) using the allometric
equation VO, = mass’® (from Bougrier et al. 1995) as in
Lannig et al. (2006). Therefore, all respiration measure-
ments are in units of mL O, L™" h~! 0.88 g™! tissue. Sta-
tistical analyses were conducted using SAS® and Minitab®.

Results

Shell growth and metabolic patterns of C. virginica varied
with temperature in both laboratory and field experiments.

Strong latitudinal gradients were found in shell thickness,
while respiration rate varied with both latitude and season.

Laboratory experiments

Differences within treatments were highly nonsignificant
(p > 0.4), so data points (small and large oysters) within
each treatment were pooled (Underwood 1997). Shell
weight of large oysters was significantly greater in +4 °C
treatments than in control or 42 °C treatments (Tukey’s
test, p < 0.05). Shell growth in the 46 °C treatment was
significantly higher than in all other treatments. (Tukey’s
test, p < 0.05: ANOVA for difference between treatments,
F3111)=21.07, p <0.001) (Fig. 2a). Small oysters showed
a similar pattern of shell weight growth, with significantly
more shell production at 4 and 6 °C above ambient tem-
perature (ANOVA, F3 115, = 6.90, p < 0.001, Tukey’s test
for treatment comparisons, p < 0.05) (Fig. 2c). Inferred
shell thickness showed a comparable pattern for both large
(ANOVA, F3 197y = 8.63, p < 0.001) and small (ANOVA,
Fa15 = 5.23, p < 0.01) oysters, with individuals in +4
and 46 °C treatments producing significantly thicker shell
than those in ambient and +2 °C treatments for both size
classes (Tukey’s tests, p < 0.05) (Fig. 2b, d). Control oys-
ters did not produce thicker shells than other treatments
despite having twice the number of oysters per tank, sug-
gesting that food limitation was not the mechanism driving
observed shell growth patterns.

Both large and small oysters showed significant but
non-directional differences in tissue growth between treat-
ments (ANOVA, small F(3,“7) = 104, p < 0.001, larger
Fi110) = 921, p < 0.001). Mean tissue weights for small
oysters in each temperature elevation treatment were as fol-
lows: control, 0.13; +2 °C, 0.06; +4 °C, —0.05; +6 °C,
—0.02, and for large oysters were as follows: control, 0.01;
+2 °C, 0.17; +4 °C, 0.02; +6 °C, —0.11. Differences in
large and small oyster lateral shell growth (shell area) were
not significantly different between cooler (control, 2 °C)
and warmer (44, 6 °C) temperature treatments (small cool
X + SE = 0.39 & 0.45 cm*; small warm 0.38 + 0.27 cm?;
larger cool 1.36 £ 0.48 cm?; larger warm 1.18 & 0.51 cm?).

Latitudinal patterns in shell thickness

Inferred shell thickness increased significantly with increas-
ing average annual temperature (regression ANOVA,
F2p)=229, R*>=0.51, p <0.001) (Fig. 3; Table 2). The dif-
ference between minimum and maximum shell thickness val-
ues was 64.7 %, with higher shell thickness at warmer sites to
the south. Because latitude displayed strong collinearity with
site temperature, it was not included as a second variable in
a multiple regression. Site salinity did not add significantly
(ANOVA, variables added-in-order test, F = 0.97, p > 0.3)
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Fig. 2 Laboratory C. virginica 0.90 0.90
growth results (control, 42, 0.80 1 A Larger c 0.80 | B Larger b
+4, and +6 °C treatments).
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Fig. 3 Differences in C. virginica shell thickness with average
annual temperature (n = 24); annual temperature data from NOAA
NODC. Shell thickness displayed as residual calculated from a
regression between shell weight and cupped shell area

to the regression model that included temperature and was

not considered to be a major driver of shell thickness pat-
terns. There was also no correlation (p > 0.3) between shell
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Temperature Treatment (°C above ambient)

thickness and oyster drill (U. cinerea + E. caudata) density at
each site. While the effect of temperature cannot be separated
from that of latitude, temperature is likely to be a major driver
underlying oyster shell growth patterns.

Latitudinal patterns in metabolism

Respiration rates were strongly correlated with tempera-
ture and not with any other environmental factor meas-
ured. Respiration rates showed an exponential increase
with water temperature for both March and August experi-
ments (regression ANOVA on log-transformed data,
Fi2) = 594, R* = 0.73, p < 0.001) (Fig. 4; Table 2).
There was an approximately fivefold increase in respiration
rates from March to August at all latitudes and tempera-
tures, indicating a strong seasonal difference in metabolism
superimposed on latitudinal differences (Fig. 4). Dissolved
oxygen (DO) levels were at 100 % prior to all experiments
due to air supply during 45-min acclimate period, and even
in the warmest treatment (heated, MacArthur Beach, Flor-
ida) dropped to an average of 73 %. Few chambers at any
site had DO levels drop below 60 %, the minimum level
used in previous studies (Mao et al. 20006).

While oysters displayed higher respiration rates at sites
with higher temperatures and at experimentally elevated
temperatures within sites (Figs. 4, 5), responses to elevated
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Table 2 Summary of statistical results for regressions between shell morphology or metabolism and site temperatures or locations

X Y Function R? N F )4

Latitude Shell thickness (resid) Y =0.18 — 0.0052X 0.48 24 20.5 <0.001
Site temperature Shell thickness (resid) Y =-0.10 + 0.006X 0.51 24 22.8 <0.001
Site temperature Log respiration Y= —1.01 4+ 0.040X 0.73 24 59.4 <0.001
Elevated temperature Log respiration (elev) Y =—1.46 + 0.049X 0.72 24 55.6 <0.001

All F and p values are from regression ANOVA tables calculated in Minitab® and indicate significant correlations between all variables shown.
Coefficients of determination (R?) show that these relationships explain a considerable amount of data variability, though much geographic vari-

ability is evidently due to other unknown factors
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Fig. 4 Metabolism of C. virginica at all sites during both March
(n = 11) and August (n = 13) experiments at ambient seawater tem-
peratures. Respiration rate is exponentially related to site temperature
(Table 2)

temperatures were lower than expected based on the expo-
nential temperature—respiration curve established in control
treatments (Fig. 5). The elevated temperature treatments
tested acclimation to local water temperatures by expos-
ing oysters to temperatures 3 °C above their local level.
Respiration rates in the elevated treatment were lower than
predicted by the control function at all latitudes and during
both summer and winter as shown by the significant differ-
ence in control and elevated regressions with temperature
(general linear model with log-transformed data, group dif-
ference F; 44y = 4.61, p = 0.037) (Fig. 5; Table 2).

Discussion
Several temperature-related patterns emerged from both

laboratory-controlled and latitudinal thermal gradient
studies, highlighting the role of temperature as a driver of

® Ambient °
X Heated x
— Exponential (Ambient)
= Exponential (Heated)

N
)

N
L

N
L

VO, (mLO, L'" h"1 0.88 g dry tissue™)
o N
[6)] [$)]

0 5 10 15 20 25 30 35 40
Experimental Temperature (°C)

Fig. 5 Respiration responses of C. virginica exposed to ambient and
+3 °C elevated seawater temperatures at each site. Examples of site
pairs (ambient and heated from same site) highlighted by letters: a
Damariscotta River in winter, b Fort Pierce in summer, and ¢ Tybee
Island in summer

large-scale patterns in oyster growth and metabolism. Our
hypothesis that oysters from Long Island Sound would dis-
play increased growth rates at experimentally elevated tem-
peratures was supported by growth data from a three-month
experiment exposing C. virginica to flowing seawater tem-
perature 2, 4, and 6 °C above ambient temperatures. This is
not novel in itself and has been shown by other researchers
(e.g., Dame 1972), but the added shell thickness compo-
nent in this experiment is valuable. The observed increase
in shell thickness and weight growth rates at +4 and +6 °C
was likely a result of the lower solubility of calcium car-
bonate, specifically calcite, at higher temperatures which
facilitates shell deposition (Burton and Walter 1987; Morse
and Mackenzie 1990; Gazeau et al. 2010). This pattern has
been observed in several species of calcifying organisms
including oysters, cowries, and barnacles (Schone et al.
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2006; Kawai 2009; Waldbusser et al. 2011). Higher shell
growth rates at warmer temperatures could also be due to
increased metabolic rates, which could accelerate the pro-
cesses involved in shell deposition, but this scenario would
be accompanied by higher somatic tissue growth, which
was not observed. Shell and tissue growth rates could have
been limited by food availability in the tanks due to the
high filtration rates of oysters, but this effect would be the
same for all of the treatments and would not explain the
patterns found.

Opysters can filter large volumes of water (5 L h™! g~
dry mass) (Newell 1988), so it is possible that C. virginica
in flowing seawater tanks were food-limited, especially in
the control treatment that had twice the number of oysters.
While oysters often produce thicker shells at low food con-
centration, clearance rates estimated by Riisgard (1988) at
28 °C suggest that the highest total clearance rate in any
treatment should be 20 L h™!' and water was supplied at
60 L h™' (Brown and Hartwick 1988). Our shell growth
experiments were conducted in winter at temperatures of
8-20 °C, depending on treatment, which would cause even
lower feeding rates. In addition, there were significant dif-
ferences in shell deposition between +2, +4, and +6 °C
treatments, which each had the same number of oysters,
making it unlikely that the number of control oysters influ-
enced results. Increased shell growth at warmer tempera-
tures indicates that shell deposition rates are higher under
these conditions, irrespective of the allocation to shell
thickness or lateral growth. These results show a strong
effect of temperature changes on shell growth patterns for
oysters from a single population and suggest that temper-
ature could be a mechanism behind latitudinal patterns in
shell morphology.

Previous studies on calcifying species (Nicol 1967; Pyt-
kowicz 1969; Graus 1974; Trussell and Etter 2001; Wald-
busser et al. 2011) support our finding that oyster shell
thickness is greater at lower latitudes, with a 65 % increase
from north to south. Inferred shell thickness (correlated
with actual thickness) showed a strong negative correla-
tion with latitude and a positive correlation with tempera-
ture (Table 2; Fig. 3). The 65 % increase in shell thickness
from north to south shows a large latitudinal gradient that
is likely due in part to temperature-induced increases in
shell deposition rate. Oysters do increase calcification rates
(Waldbusser et al. 2011) and shell growth rates (Fig. 2)
at experimentally elevated temperatures, supporting the
hypothesis that these latitudinal patterns are temperature
related. Increased shell thickness at warmer latitudes has
also been reported for littorine snails in the Northwest
Atlantic and cowries in the Northwest Pacific (Trussell and
Etter 2001; Irie 2005). These studies hypothesize that the
impact of water temperature on shell deposition is driv-
ing latitudinal thickness patterns, an idea that is supported
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by laboratory results for C. virginica (Fig. 2) (Waldbusser
et al. 2011).

Shell deposition rates are inferred from shell thickness
patterns but cannot be definitively established without
growth data at all sites, which would require either long-
term experiments or aging of specimens—both beyond the
scope of this study. Latitudinal shell thickness patterns cor-
responded well with laboratory temperature experiments,
but collinearity between latitude and temperature makes it
difficult to establish causation on a large geographic scale.
Increasing predation intensity toward the equator has been
proposed as a mechanism behind latitudinal patterns in
shell morphology for some mollusks and cannot be ruled
out for C. virginica (Vermeij and Veil 1978). Eastern oys-
ters can increase shell thickness as an inducible defense in
response to crab (Rhithropanopeus harrisii and Callinectes
sapidus) and oyster drill (U. cinerea) predators (Newell
et al. 2007; Johnson and Smee 2012; Lord and Whitlatch
2012). Whereas surveys in the present study ruled out U.
cinerea and E. caudata density as a factor impacting large-
scale shell thickness patterns, predators such as crabs or
other species of oyster drills (e.g., Stramonita spp.) tend to
increase in abundance to the south and could impact C. vir-
ginica morphology.

The final hypothesis that populations of southern C. vir-
ginica would be more stressed at experimentally elevated
temperatures during the summer than northern oysters was
not supported by experimental respiration data, as oysters
showed similar thermal responses at warmer and cooler sites
during summer and winter (Fig. 5). The oxygen consumption
measurements in the present study were brief and provide
snapshots of respiration responses to thermal stress at two dif-
ferent times of year across latitudes. As such, there may be
long-term differences in acclimation capacity between sea-
sons that were not captured by these experiments. Respiration
rates (proxy for metabolism) were strongly and exponentially
related to temperature during both March and August sam-
pling seasons, as expected based on previous work on thermal
responses of oysters (Shumway and Koehn 1982) (Fig. 4).
As a result, respiration rates were up to fivefold higher dur-
ing summer than winter, indicating large seasonal swings
in metabolic rate of C. virginica. Since oysters play a large
and active role in estuaries in terms of filtration and benthic—
pelagic coupling, high seasonal variability in metabolic rate
indicates seasonal shifts in the ecological influence of oyster
reefs (Coen et al. 2007). Seasonal acclimatization plays a role
as well, as evidenced by lower than expected respiration rates
at elevated temperatures at all sites (Fig. 5).

While respiration rates in elevated temperature treat-
ments were generally higher than the ambient tempera-
ture controls, they fell consistently below the regression
between control temperature and respiration rate. This
means that the temperature-specific respiration rates were
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higher for control than elevated treatments at all latitudes,
suggesting relatively finely tuned acclimatization in C. vir-
ginica. Seasonal acclimatization, or the adjustment to natu-
ral seasonal changes in temperature, may allow oysters to
gradually adjust their metabolic rate based on seasonally
shifting water temperatures (Gatten et al. 1988). This would
explain the higher temperature-specific respiration rates
in control treatments, as oysters were acclimatized to that
specific temperature and could not fully acclimate in ele-
vated temperature treatments (Fig. 5). The fact that oysters
from all latitudes responded similarly to temperatures ele-
vated 3 °C above their local seasonal maximum suggests a
high level of local adaptation or acclimatization. The large
degree of seasonal and latitudinal acclimatization displayed
by C. virginica suggests that studies conducted at one loca-
tion or point in time (e.g., Dame 1972; Buxton et al. 1981;
Shumway and Koehn 1982; Hummel et al. 2000; Mao et al.
2006) should take a cautious approach when attempting to
draw broad conclusions about the metabolic response of a
species.

Adaptation or even acclimation was not directly meas-
ured during this study since it took place over a short
period of time, but a few conclusions can be drawn about
the latitudinal metabolic patterns. The latitudinal compen-
sation hypothesis described by Levinton (1983) suggests
that populations could evolutionarily shift their temper-
ature—metabolism curve to optimize performance under
local environmental conditions. This does not appear to be
the case for C. virginica, as oxygen consumption at all sites
fell along a similar exponential curve related to site tem-
perature (Fig. 4). In addition, populations over a latitudinal
gradient responded similarly to experimental temperature
increases (Fig. 5), suggesting a low degree of adaptation
to local temperatures. Metabolic rates increased concomi-
tantly with site temperature as expected from previous
studies (Shumway and Koehn 1982), so there also does
not appear to be any type of counter-gradient variation in
metabolic rate (Levins 1968). The overall pattern of oxygen
consumption with latitude appeared to be well-constrained
by site temperature alone, which explained over 60 % of
the variability in temperature between sites. However, there
are several factors that can influence oyster feeding and
metabolism (reviewed by Cranford et al. 2011), so tem-
perature is likely to be just one of the several factors (e.g.,
food availability) that influence respiration rate.

In conclusion, we demonstrated that temperature can
exhibit strong control on oyster shell growth and deposi-
tion in a controlled setting. Ocean temperature may also
be a major driver of latitudinal patterns in shell thickness,
as we observed a strong correlation between temperature
and inferred shell thickness at 24 sites over 21 degrees of
latitude on the east coast of North America. Latitudinal
differences in metabolic rates were highly correlated with

site temperature, but oysters showed a significant level
of seasonal acclimatization to local water temperatures.
Growth experiments and shell thickness surveys suggest
that warmer temperatures resulting from climate change
will likely cause increases in both oyster shell growth and
shell thickness across latitudes. The strong positive correla-
tion between seawater temperature and shell thickness may
be caused by decreased solubility of calcium carbonate
in warmer water, facilitating shell deposition with global
warming. We illustrate that oyster metabolic rates, acclima-
tization, and shell deposition vary widely with latitude and
season and that differences in temperature may be one of
the major mechanisms underlying this variation.
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