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A latitudinal cline in length-standardized shell thickness and mass of Littorina obtusata in the Gulf of Maine
(GoM) has been attributed to predation by the European green crab Carcinus maenas. However, latitudinal
variation inwater temperaturemay also contribute to this cline. To investigate this hypothesis, we grew snails
from 2 thin-shelled and 2 thick-shelled populations in warm (16 °C) and cold (10 °C) water treatments,
representing summer temperatures of southern and northern parts of the GoM, respectively. Snails grown in
warmer water showed a markedly greater increase in shell length (50%) and shell mass (60%) compared to
conspecifics grown in colder water, but shell mass standardized for length was only weakly (relative to clinal
variation) and not consistently (among populations) affected by temperature. Our experimental snails made
shells that were lighter, when standardized for length, than conspecifics grown in nature. This “shell thinning”
was particularly apparent in warmer water, because experimental snails diverted the increased calcification
afforded by warmer water parallel (shell elongation) rather than perpendicular (shell thickening) to the axis
of shell coiling. Interestingly, we estimate that if 16 °C snails had only grown to the length of 10 °C snails
and used the additional shell material they produced to make their shell thicker rather than longer, they
would have produced a shell comparable in mass to that of snails from the same population and shell
length grown in nature.We conclude thatwater temperature is not directly responsible for natural variation in
size-standardized shell thickness of L. obtusata in the GoM, but that it may contribute to this pattern indirectly,
for example by facilitating the snail's plastic phenotypic response (shell thickening) to predation risk.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Phenotypic variation in nature can arise from Darwinian adaptation
to spatiotemporal variation in biotic and abiotic conditions (Endler,
1977). However, adaptive phenotypic variation can also be the result of
phenotypic plasticity, that is the ability of a particular genotype to
produce different phenotypes in different environments. The benefits of
phenotypic plasticity are intuitive; given that environmental conditions
are not constant or homogenous, a single phenotype is unlikely to
express a high level of fitness in all conditions (Via et al., 1995). This
evolutionary advantage is probably responsible for the apparent
ubiquity of adaptive developmental plasticity among living organisms
(see reviews by Pigliucci, 2005; Pigliucci and Preston, 2004), despite the
associated ecological/evolutionary costs and constraints (Dewitt et al.,
1998).

Plastic phenotypic changes can be triggered by interactions among
species, and canmanifest themselves in a great diversity of ways, such
as stem elongation in plants, increased production of defensive castes
or dispersal morphs in insects, trophic specialization in tadpoles, and

production of anti-predator structures in aquatic invertebrates
(Agrawal, 2001). One well-documented example of phenotypic
plasticity involves the marine intertidal snail Littorina obtusata (L.)
and the predatory crab Carcinusmaenas (L.), an exotic species thatwas
introduced from Europe to the eastern coast of North America in the
1800s (Jamieson, 2000). Several studies have shown that L. obtusata
snails grown in the presence of effluents from crabs feeding on
conspecific snails will make thicker, heavier and stronger shells than
individuals raised in the absence of these chemical cues (Trussell,
1996, 2000; Trussell and Nicklin, 2002). A recent study showed that
the mechanism underlying this plastic response is an increased rate at
which the snails deposit calcium carbonate in their shell when
exposed to these predation cues (Brookes and Rochette, 2007).

Research suggests that this plastic phenotypic response is at least
partly responsible for adaptive (Rochette et al., 2007) spatial variation
in L. obtusata shell morphology in the Gulf of Maine (GoM), where
snails with thicker, heavier and stronger shells tend to be found in
more southern than northern parts of the Gulf (Trussell, 2000;
Trussell and Smith, 2000). However, the role of other important, and
potentially confounded, variables has not been adequately addressed.
One such factor is water temperature. During late spring and summer
months, when most snail growth occurs (Trussell and Smith, 2000),
there is a≈6–7 °C difference in water temperature between northern
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and southern parts of the GoM (Trussell, 2000). This temperature
difference may be relevant to the geographic pattern in snail shell
morphology, because molluskan shell deposition is thought to be
more difficult in colder water; as temperature decreases, calcium
carbonate becomes more soluble and is therefore biologically
available in lower concentrations (Clark, 1983; Malone and Dodd,
1967). Snails in cold water must thus expend more energy than
conspecifics in warmer water to extract minerals from water and
deposit them in their shell (Vermeij, 1993). Furthermore, the
maintenance of mineralized skeletons is also more difficult at lower
temperatures, as calcium is more prone to leave the skeletal matrix
due to this increased solubility with decreasing temperature (Clark,
1983). Colder water may thus constrain both the production and the
maintenance of shell material by snails in more northern than more
southern parts of the GoM (Graus, 1974).

In this study we investigate the hypothesis that intra-specific
variation in shell mass (standardized for length) of L. obtusata in the
Gulf of Maine is due to geographic variation in water temperature. In
particular, we aim to test the following three predictions: (1) snails
grown at summer temperatures normally experienced in the
southern GoM (16 °C) will produce a heavier shell (standardized
for length) than conspecifics grown at summer temperatures in
more northern parts of the GoM (10 °C); (2) snails from northern
and southern populations will both show this response to varying
water temperature; (3) the magnitude of this temperature effect
will be sufficient to explain differences in shell mass observed
among “thick-shelled” and “thin-shelled” populations inhabiting the
southern and northern GoM, respectively.

2. Methods

2.1. Study populations

In August 2004, we collected 240 juvenile snails measuring
5.5–6.5 mm in shell length from the mid–intertidal level at each of
4 locations in theGulf ofMaine (GoM): 2 “northern” and thinner-shelled
populations inMaine (QuoddyHead [QH]: 44° N 49.21′,−66°W57.97′;
Carrying Place Cove [CPC]: 44° N 48.57′, −66° W 58.74′) and 2
“southern” and thicker-shelled populations in Massachusetts (Lobster
Cove [LC]: 42°N33.80′,−70°W46.20′; Nahant [NA]: 42°N25.69′,−70°
W55.72′). It is important to stress that these do not represent a random
sample of L. obtusata populations in the GoM; we chose these
populations because they represent the near extremes in shell thickness
documented for this species in the GoM (Edgell and Rochette, 2007).

2.2. Main experiment

We conducted the experiment in a recirculating-water system on
the Saint John campus of the University of New Brunswick, Canada,
between 12 October 2004 and 12 March 2005 (153 days). The
experiment involved 12 temperature-controlled aquaria (20 L)
simulating mean water temperatures during summer growth periods
in the northern and southern GoM (Trussell, 2000); the ambient
temperature in the lab was set to 13 °C, and 6 aquaria were cooled to
10 °C (north) and 6 were warmed to 16 °C (south). Each aquarium
housed 4 cylindrical plastic containers (9.5 cm diameter, 6 cm
height), each containing 20 juvenile snails from one of the 4
populations (Fig. 1). The top and bottom of each container were cut
away and replaced with fiberglass screen (mesh size=1.6 mm) to
allowwater flow through the containers. The temperature treatments
were assigned systematically to the different aquaria such that
treatments alternated on a same shelve and were opposed on the
two shelving units (Fig. 1). To ensure comparable representation of
different-size snails in all treatment combinations, we provided each
container with 2 snails in each 0.1 mm size bin from 5.5 to 6.5 mm in
total shell length. Each animal was labeled with a bee tag glued to its

shell with epoxy. Experimental snails were not sexually mature at the
beginning of the study, and did not lay egg masses during the
experiment. Previous lab (e.g., Brookes and Rochette, 2007) and field
(e.g., Trussell, 2000) studies have shown that snails of similar size and
origin can display marked shell thickening in response to certain
stimuli (e.g., predation cues).

The buoyant snail container was held approximately 6 cm below
the water by a fishing line and suction cup attached to the sides of its
aquarium. The containers were removed from their aquaria for 2 h
3 times every week, to accommodate physiological processes that
might require snails being in air, given this species is strictly intertidal.
When containers were returned to their aquarium, their position was
rotated clockwise, to avoid potential positional artifacts. Snails were
fed ad libitum the brown algae Ascophyllum nodosum, which was
replaced every 2 weeks. Salinity levels weremonitored and fluctuated
little throughout the experiment in all aquaria (33±2 ppt). Ammonia
levels were also monitored using chemical tests (Lamotte salt water
aquaculture test kit, model AQ-4, code 3635-03) and maintained by
biological filters and changing the water in all tanks once every
2 weeks. All mechanical filters were regularly inspected to ensure that
they were free from blockage to maintain water circulation and a
stable level of dissolved oxygen (99% saturation throughout the
experiment).

2.3. Measurements

Non-destructive data were collected on 12 October (time 0: T0),
12 December (time 1: T1) and 12 March (time 2: T2) 2004, that is 0,
61 and 153 days from the beginning of the experiment, respectively:
shell length, total snail mass, and submerged mass (described below).
These measurements were taken non-destructively even at T2,
because we intended to keep snails until they lay egg masses, for a
separate experiment. A sub-sample of snails was sacrificed at T2 for
assessment of mineral and organic composition of the shell, which
will be reported in another paper.

2.3.1. Shell linear measurements
Shell length was measured by placing the snail so that its aperture

was facing upwards and the aperture plane was parallel with the
ground. Digital calipers were then used to measure the longest
dimension (±0.01 mm) of the snail shell (Trussell, 1996).

Fig. 1. Arrangement of snail containers (grey cylinders) and temperature aquaria on
two shelving units during the main experiment. Each of the 12 aquaria was either
cooled to 10 °C (white) or warmed to 16 °C (black), and initially housed a total of
80 snails, 20 from each of the 4 different populations (each population held in a
separate container).
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2.3.2. Shell mass measurements
Whereas the geographic pattern we are trying to explain is similar

for size-standardized measurements of shell thickness and shell mass
(Trussell, 2000), we focused on the latter because it is a more accurate
surrogate of intra-specific variation in resistance to shell crushing
(Lowell et al., 1994), and also because it is subject to less measurement
error.

We sacrificed 25 snails from each population at the beginning of
the experiment to be able to estimate non-destructively shell mass of
snails at different points during the experiment. Sacrificed snails were
first measured for shell length and submerged mass (see below), and
then euthanized by freezing for 1 week. Once snails were euthanized,
we gently broke their shell and carefully separated it from their
bodies, then dried soft tissues and shell fragments separately at 60 °C
for 24 h, and finally weighed these using a Mettler AE 240 balance
(±0.0001 g).

We estimated dry shell mass of each snail at the start of the
experiment (T0) from its strong relation to shell length (Table 1),
established for each population at the beginning of the study on the
basis of the 25 snails sacrificed. Dry shell mass mid-way through the
experiment (T1) and at the end of the experiment (T2) could,
however, not be estimated on the basis of shell length, because this
relationship (length vs. mass) changed over the course of the
experiment. Instead, we estimated dry shell mass at T1 and T2 on
the basis of submerged mass of whole snails, which provides accurate
predictions of dry shellmass because the body tissue of a snail is nearly
neutrally buoyant (Palmer, 1982). We used separate regressions for
each population (Table 1), although the relation between submerged
mass and dry shellmasswas not significantly affected by potential size
or shape differences existing among populations (population:
F3,92=1.79, p=0.15; population×submerged mass: F3,92=0.591,
p=0.62). Submerged mass measurements (±0.0001 g) were
obtained by placing a balance over an aquarium containing seawater
at 22 °C and 33 ppt, and putting the snail in a weigh boat made of
tubing and mesh that was attached to a hook beneath the stage of the
balance. We were careful to ensure that air bubbles did not remain
trapped behind the snails' operculum, by gently prodding them back
and keeping them submerged during transfer, because such bubbles
would greatly affectmeasurements. Despite the small size of snails, the
technique proved very reliable as submerged mass values enabled
very accurate estimates of dry shell mass for all four populations
(r2≥0.988, Table 1).

2.4. Statistical analysis

2.4.1. Growth in shell length
We assessed growth in shell length for each individual snail by

subtracting shell length at the start of the experiment (T0) from its
length at end of the experiment (T2). We used this value as the
dependent variable in a Nested ANOVA, where temperature treatment
(16 °C and 10 °C) and population origin (and the interaction between
the two) were fixed-effect factors, and container nested within

temperature and population was a random-effect factor. The nested
termwas used as the error term in computation of F-ratios to reflect the
true level of replication in the experiment, and to account for the fact
that responses sometimes differed significantly between replicate
containers belonging to a same treatment group (Zar, 1984); our tests
ofmain and interactive effects therefore askwhether there is significant
variation among treatments (e.g., 16 °C versus 10 °C) given the amount
of variation that exists amongcontainers belonging to a same treatment.
Initial length was not used as a co-variate as it was not significantly
related to length growth, presumably because of the relatively narrow
size range used (1 mm). In order to test model assumptions, we first
obtained the residuals from themodel for each individual snail, and then
calculated the average residual value for the different individuals raised
in the same container. We tested model assumptions on these average
residual values, as they better reflect the experiment's level of
replication. The model satisfied assumptions of homoscedasticity
(Levene test, p=0.54) and normality (Shapiro–Wilk test, p=0.49).
Here and elsewhereweused TukeyHSDmultiple comparisons to follow
up on significant population effects, and did all analyses using JMP™
version 5 for Macintosh.

2.4.2. Growth in shell mass
We assessed increment in shell mass by subtracting the initial (T0)

dry shell mass of each individual snail from its dry shell mass at T2,
and used the resulting value as the dependant variable in a Nested
ANOVA that was identical to that just described for increment in shell
length, with the exception that it was conducted on log-transformed
data to satisfy model assumptions of normality (Shapiro–Wilk test,
p=0.82) and homoscedasticity (Levene test, p=0.64).

2.4.3. Growth in shell mass standardized for length
Given that the geographic pattern we are trying to explain is based

on shell measurements (thickness and mass) standardized for length,
and given that snails grown in warm- and cold-water treatments
displayed markedly dissimilar rates of shell elongation, we also
analyzed variation in shell mass using a Nested analysis of covariance
(ANCOVA), in which log shell length was a co-variate and log shell
mass the dependent variable. In order to enhance overlap in shell
length (co-variate) values between the two groups of snails (desirable
for the ANCOVA), we constrained this analysis in two important ways:
(1) we used data for cold- and warm-water snails at T2 and T1,
respectively, and (2) we restricted the comparison to snails that
measured 7–9 mm shell length at this time (78% of the data). As in
previous models, temperature was a fixed-effect factor and container
was a random-effect nested term, which was used as the denom-
inator of F-ratios for the temperature factor. We did these analyses for
each population separately, as inclusion of population in the model
greatly complicated interpretation of temperature effects (the main
focus of these analyses), because size effects varied markedly among
populations. Model assumptions were tested and confirmed for each
of the four analyses (populations) as described previously.

2.4.4. Comparison of experimental snails to natural populations
In order to contrast effects of water temperature quantified during

our experiment with the geographic variation in shell mass our study
aims to explain, we first plotted predicted shell mass of warm-water
(at T=1) and cold-water (at T=2) experimental snails from 7 to
9 mm shell length alongside predicted shell mass of similar-size snails
sampled from our four study populations; for experimental snails,
predicted shell mass values were from length by mass relations of the
previous analysis (Section 2.4.3), and for nature snails from the
dissections done at the beginning of the experiment (Table 1). Then,
to more directly quantify the deviations in shell mass between
experimental snails and individuals grown in nature, we estimated
the difference between the observed shell mass of all experimental
snails (not only those between 7 and 9 mm) at T0, T1 and T2 relative

Table 1
Parameters for linear relationships used to predict dry shell mass of snails on the basis
of their A) shell length (used at T0) or B) submerged mass (used at T1 and T2). The
linear relationships were based on a sub-sample of 25 snails that were sacrificed at the
beginning of the experiment for each population: Quoddy Head (QH), Carrying Place
Cove (CPC), Lobster Cove (LC) and Nahant (NH).

A) Log10 dry shell mass=
m log10 shell length+b

B) Dry shell mass=
m submerged mass+b

Population m b R2 m b R2

QH 3.745 −4.442 0.983 1.609 0.00529 0.998
CPC 3.748 −4.347 0.988 1.640 0.00156 0.997
LC 3.002 −3.474 0.992 1.645 0.00558 0.997
NH 2.902 −3.413 0.988 1.618 0.01203 0.988
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to the shell mass predicted for snails of the same shell length and
population.

3. Results

Snail survival during the experiment was high for all populations
(CPC: 95%, QH: 97%, LC: 95%, and NA: 96%) and both temperature
treatments (cold: 98% and warm: 93%).

3.1. Growth in shell length

Shell length increased significantly (pb0.0001) and markedly more
in snails from the warm-water than the cold-water treatment (Table 2,
Fig. 2); when averaged across populations, shell length increment was
49% greater in snails from the warm- than the cold-water treatment.
Shell length increment was also significantly affected by population
origin (Tukey HSD, pb0.0001), with Nahant (NA) snails growing more
than conspecifics from Quoddy Head (QH) and Carrying Place Cove
(CPC), and those from Lobster Cove (LC) growing significantly more
than those from Quoddy Head (Table 2, Fig. 2). This effect of population
was, however, less pronounced than that of temperature, as the
snails from NA and LC (the two thicker-shelled populations) only
increased in shell length on average 12.4% (warm-water treatment) and
14.1% (cold-water treatment)more than their conspecifics fromQHand
CPC (the two thinner-shelled populations). The effect of temperature on
shell length increment was similar for the different populations, as the
temperature by population origin interaction term was not significant
(p=0.835, Table 2).

3.2. Growth in shell mass

Snails in the warm-water treatment made significantly (pb0.0001)
and markedly heavier shells than conspecifics in the cold-water
treatment (Table 2, Fig. 2); when averaged across populations, growth
in shell masswas 59% greater in thewarm-water than in the cold-water
treatment. There was also a significant (Tukey HSD, pb0.0001) effect of
population on shellmass increment, as snails fromQH and CPC (the two
thinner-shelled populations) increased in shell mass less than those
from LC and NA (the two thicker-shelled populations). The effect of
temperature on shell mass increment was similar for the different
populations, as the temperature by population origin interaction term
was not significant (p=0.427, Table 2).

3.3. Shell mass standardized for length

When standardized for length, shell mass was only moderately and
not consistently (among populations) affected by water temperature
(Fig. 3). For three of the four populations, snails grown in warm water
seemed to make heavier length-standardized shells than individuals
grown in colder water, with this effect being slightly below significance
for two populations (CPC: p=0.0257; LC: p=0.0231) and slightly
above for one (NA: p=0.0528) (Table 3); for the fourth population
(QH), the effect of water temperature was clearly non significant
(p=0.552).

3.4. Comparison to natural populations

In addition to not being entirely consistent among populations, the
temperature effect when present was small relative to the natural
geographic variation in shell morphology we are trying to explain
(Fig. 3). Note that this particular comparison between experimental
and nature snails is somewhat complicated by the fact that our
experimental snails had grown in their respective environments for
some time prior to our study, and thus their morphology had started
diverging in relation to their local growing conditions. However, given
the strong allometry between shell length andmass, this early growth

Table 2
Nested factorial ANOVA of A) shell length increment and B) shell mass increment, in
which temperature (10 °C or 16 °C), population, and their interaction are fixed-effect
factors, and container is a random-effect factor nested within population and
temperature. The random-effect factor was used as the error term to assess the
significance of fixed-effects factors.

Source DF Sum of squares F ratio Prob

A) Shell length increment (mm)
Temperature (Temp) 1 265.381 192.330 b0.0001
Population (Pop) 3 32.009 7.733 0.0003
Temp*Pop 3 1.181 0.285 0.836
Container [Temp, Pop] 40 55.193 3.319 b0.0001
Model error 868 360.914

B) Shell mass increment (g)
Temperature (Temp) 1 9.616 109.772 b0.0001
Population (Pop) 3 7.930 30.175 b0.0001
Temp*Pop 3 0.235 0.894 0.453
Container [Temp, Pop] 40 3.504 3.705 b0.0001
Model error 868 20.523

Fig. 2. Mean (±SE) shell length increment (upper panel) and shell mass increment
(lower panel) of cold (10 °C) and warm (16 °C) treated snails of each population (QH=
Quoddy Head, CPC= Carrying Place Cove, LC= Lobster Cove, NA=Nahant) during the
153-day lab growth experiment. Initial shell mass (g) for each population was
QH=0.030, CPC=0.038, LC=0.074, and NA=0.070.
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only accounted for 15–22% of the predicted shell mass of 9 mm snails
from the different populations, so most of the variation in shell mass
among treatments and populations was the result of growth that
occurred during the experiment, and not in nature. But even more
importantly, it is very clear that warm-water experimental snails from
thinner-shelled populationswere not “catchingup” to themorphology

of thicker-shelled natural populations (Fig. 3). In fact, for each
population and all snails involved in the study (not only the 7–9 mm
snails represented in Fig. 3), as the experiment progressed the shell
mass of experimental snails became increasingly light relative to
similar-size individuals grown in nature (Fig. 4). This pattern was
obvious for snails grown in both temperature treatments, and was
actually more (not less) pronounced for individuals grown in warmer
water (Fig. 4), which strongly argues against our study hypothesis.

4. Discussion

4.1. Effect of temperature on shell growth

Our observation that the shell length of L. obtusata increasedmuch
more (≈50%) at 16 °C than at 10 °C was not unexpected, as this
species has been shown to steadily increase its rate of oxygen
consumption (McMahon and Russell-Hunter, 1977) and grazing
(Barker and Chapman, 1990) between 5 °C and 15–20 °C. Given that
snails were offered food ad libitum during our experiment, warmer
water likely resulted in increased feeding and energy acquisition,
which in turn could have led to increased shell elongation in at least
two different ways. First, increased energy intake likely resulted in
greater somatic growth, which in turn would have enabled a greater
rate of shell elongation because the snail's mantle must reach the
outer margins of its shell for new shell material to be deposited
(Behrens Yamada et al., 1998; Trussell et al., 2003). Secondly,
increased feeding could have increased the rate at which organic
material was deposited in the shell matrix, which in turn would have
caused a higher rate of calcium carbonate absorption, transfer and
precipitation into new shell material (Palmer, 1992). These two
mechanisms are obviously not exclusive, and may have both
contributed to the markedly greater shell elongation displayed by
snails raised in warmer versus colder water.

On average, snails raised at 16 °C deposited 59% more shell material
during our experiment than conspecifics raised at 10 °C. In a field
reciprocal transplantexperiment involving similar-size L. obtusata snails
from two of the populations involved in this study, Trussell (2000)
similarly found evidence that these snails produce more shell material
in warmer than in colder water; snails from Lobster Cove and Quoddy
Head both produced more shell material (33% and 76%, respectively)
when grown in Lobster Cove (south) than in Quoddy Head (north). It is
important to note, however, that our observation of enhanced
calcification in warmer water does not in itself support our study
hypothesis (thicker shells produced in warmer than in colder water),
because it does not take into consideration the marked effect of
temperature on shell elongation,whichwe already described.Whenwe
standardized shell mass for shell length and limited our comparison to
similar-size snails in cold (T2) and warm (T1) water, we found a weak
and not entirely consistent (among populations) effect of water
temperature on size-standardized shell mass (Fig. 3). For the three
populations where the temperature effect was in the vicinity of
statistical significance, effect size was relatively small, with 9 mm snails
predicted to have shells 11%, 7% and 3% heavier at 16 °C than at 10 °C.
Importantly, these differences were clearly insufficient to account for
the patterns of geographic variation in shell mass we are trying to
explain (grey symbols in Fig. 3). Therefore, whereas temperature may
contribute marginally to the patterns of geographic variation in length
adjusted shell mass we are trying to explain, other more important
factors are clearly at play.

Snails raised in our lab became increasingly light shelled as the
experiment progressed, relative to individuals of a same population
and size that were grown in nature (Fig. 4). For three of the four
populations this apparent “shell thinning” of experimental snails was
particularly pronounced in warmer water. Whereas this result may at
first seem paradoxical, given the positive effect of warmer water on
calcification, it can be readily explained by the fact that experimental

Fig. 3. Predicted shell mass for experimental snails measuring 7–9 mm shell length at
T=1 in the warm-water treatment (black symbols) and at T=2 in the cold-water
treatment (white symbols), alongside same relations for snails collected in nature (grey
symbols) from the same four populations: Quoddy Head (squares), Carrying Place Cove
(triangles), Lobster Cove (circles) and Nahant (diamonds). For clarity, predicted values
are shown instead of raw data. However, Table 3 presents results of statistical tests
based on the raw data (log-transformed).

Table 3
Nested ANCOVAs on log shell mass of experimental snails, in which temperature (10 °C
or 16 °C) is a fixed-effect factor, log shell length is a co-variate and container is a
random-effect factor nested within temperature. The four snail populations were
analyzed separately. Analyses are based on snails that measured 7–9 mm in shell length
at T=1 in the warm-water treatment, and at T=2 in the cold-water treatment, to
maximize overlap in co-variate values (see Methods). The random-effect factor was
used as the error term to assess the significance of the temperature treatment.

Source DF Sum of squares F ratio Prob

Quoddy Head (QH)
Temperature (Temp) 1 0.01045 0.37844 0.5522
Log length 1 0.57590 276.3970 b0.0001
Temp*Log length 1 0.000002 0.0009 0.9761
Container [Temp] 10 0.27619 12.8236 b0.0001
Model error 182 0.39198

Carrying Place Cove (CPC)
Temperature (Temp) 1 0.02969 6.8554 0.0257
Log length 1 0.82779 326.0935 b0.0001
Temp*Log length 1 0.00070 0.2738 0.6014
Container [Temp] 10 0.04331 1.7061 0.0820
Model error 186 0.47216

Lobster Cove (LC)
Temperature (Temp) 1 0.01892 7.1817 0.0231
Log length 1 0.52429 292.2145 b0.0001
Temp*Log length 1 0.00029 0.1626 0.6874
Container [Temp] 10 0.02634 1.4681 0.1578
Model error 136 0.24401

Nahant (NA)
Temperature (Temp) 1 0.01252 4.8211 0.0528
Log length 1 0.40139 341.1377 b0.0001
Temp*Log length 1 0.00165 1.4048 0.2376
Container [Temp] 10 0.02597 2.2072 0.0197
Model error 165 0.19414
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snails did indeed produce much more shell material at 16 °C than at
10 °C, but diverted this increased calcification mainly parallel (shell
elongation) rather than perpendicular (shell thickening) to the axis of
shell coiling. Interestingly, we estimate that if 16 °C snails had only
grown to the length of 10 °C snails and used the additional shell
material they produced to make their shell thicker (rather than
longer), a 9 mm individual raised in warm water would have
produced a shell nearly identical in mass to that of snails in nature
(QH: 105%, CPC: 100%, LC: 101%, and NA: 105%). Note that this
estimate was based on the average mass of shell material produced by
snails at 16 °C and 10 °C (Fig. 2), and therefore does not account for
differences in calcification related to snail size (length). However,
given that (1) there exists a marked positive allometry between the
length and mass of a snail's shell, and (2) the length (9 mm) we used
to make this estimate was relatively large (85th percentile of all snails
at T2), the estimates we provide above are likely conservative; i.e., the
amount of shell material actually added by a 9 mm snail was probably
greater than the amount considered in our estimate.

In his reciprocal transplant experiment, Trussell (2000) also found
evidence that greater shell length increment can be associated with
reduced shell thickening; snails from both Lobster Cove and Quoddy
Head had greater shell thickness growth (60% and 88%, respectively)
where they displayed less increment in shell length (10% for both
populations). These latter results suggest, as do ours, that increment in
shell length often comes at the expense of shell thickening. This is not to
say, however, that these two aspects of shell growth are unavoidably
and entirely correlated to one another. For example, Brookes and
Rochette (2007) clearly showed that L. obtusata snails can respond to
certain stimuli (e.g., predation cues) by increasing the overall rate at
which they deposit shell material, enabling a certain developmental
uncoupling of shell length and thickness increments. This calcification

plasticity, combined presumably with inter-population variation in
calcification physiology, probably explains why in Trussell's study shell
lengthening was not always inversely related to thickening in different
groups of snails; for example, his southern snails transplanted north
displayed 12% less shell lengthening and 140% less shell thickening than
northern conspecifics transplanted south.

4.2. Shell construction: similarities and differences among populations

Our study involved four populations of L. obtusata snails, 2 thicker-
shelled more southern populations, and 2 thinner-shelled more
northern populations. Despite the marked variation in shell thickness
among these populations, they all showedmarkedly greater increments
in shell lengthandmass at16 °C thanat10 °C, andonlyweakor noeffect
ofwater temperature on shell thickening (i.e., length-standardized shell
mass, given no apparent difference in shape). Given that these four
populations encompass the range of variation in shell thickness
reported for this species in the Gulf of Maine, and undoubtedly
experienced very different conditions in their respective habitats prior
to the study, our findings are likely broadly applicable.

Despite these similarities, L. obtusata populations displayed marked
differences in absolute shell mass at the end of the experiment, which
reflected differences existing in nature. For example, in nature a 9 mm
snail from the two thicker-shelled (southern) populations has
on average a shell that is approximately 55% heavier than that of a
same-size snail from the two thinner-shelled (northern) populations,
and these differences persisted in snails thatwere raised for≈5 months
in the lab at 16 °C (58%) and 10 °C (58%). These latter differences are not
simply the result of patterns established while the snails were in their
respective natural populations, as they are also evident if we only
consider the new shell material that snails deposited during our

Fig. 4. Difference in shell mass between experimental snails at the beginning (T0), middle (T1) and end (T2) of our experiment relative to the mass predicted for same size (shell
length) and population individuals grown in nature. Data are for experimental snails in cold- (white boxes) and warm-water (grey boxes) treatments originating from four
populations: Quoddy Head (QH), Carrying Place Cove (CPC), Lobster Cove (LC) and Nahant (NA). The line inside each box depicts the median, the lower and upper limits of the box
depict the quartiles, and the whiskers depict the range of the data, with the exception of “outliers” values, which are shown by open circles; outliers are values that deviate from the
quartiles by more than 1.5 times the inter-quartile distance.
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experiment; the two thicker-shelled (southern) populations produced
on average 43% (10 °C) and 40% (16 °C) more shell material than
thinner-shelled (northern) conspecifics. That such geographic patterns
would persist in lab-raised animalsmay suggest that they have a genetic
basis. However, the behaviour and physiology of these snails are also
likely to have been affected by the environmental conditions individuals
experienced in their respectivehabitats, includingnon-geneticmaternal
effect, before being collected for our experiment.

It is worth noting that our results pertaining to inter-population
differences in calcification differ markedly from those obtained by
Trussell (2000), where thicker-shelled (southern) snails produced 76%
and 33% less shell material than thinner-shelled (northern) snails when
caged in the southern and northern Gulf of Maine, respectively.
Obviously the two studies are not directly comparable, but these
marked differences in intra-specific calcification patterns are somewhat
puzzling. Perhaps inter-population differences in Trussel's study were
mainly driven by factors other than temperature, such as predation cues
orwave action,whichwerenot replicated in our lab study. Clearly,more
work is needed to elucidate themechanisms responsible for geographic
variation in shell morphology of L. obtusata in the Gulf of Maine.

4.3. Conclusion

Our results indicate that intra-specific variation in shell thickness of
L. obtusata in the GoM is not directly due to geographic variation in
water temperature. They also show, however, that temperature may
have a profound, yet indirect, effect on these patterns, by enhancing
calcification potential. For example, if predation cues had been present
during our experiment, snails grown in warmer water might have
diverted more minerals to thickening relative to elongation of their
shell, and hence produced heavier length-standardized shells (see
Brookes and Rochette, 2007 for evidence that L. obtusata does have such
control over the amount and direction of shell calcification). If this is
true, then, it could be that L. obtusata in the southern GoM are generally
thicker than those in the northern GoMbecause thewarmerwater they
experience during summer months increases their ability to display an
adaptive shell-thickening response to predation cues (e.g., Palmer,
1990; Trussell, 1996, 2000; Trussell and Nicklin, 2002). Interestingly, a
recent studyhas shown thatC.maenaswill develop a larger crusher claw
when fed a diet of thick- versus thin-shelled snails, but only if reared in
warmer (16 °C) and not in colder (10 °C) water (Baldridge and Smith,
2008). We believe that a similar factorial growth experiment should be
conducted with L. obtusata, which would simultaneously manipulate
the predation and thermal environment to which snails are subjected,
and that would involve laboratory bred individuals from different
populations. Such a study should enable assessment of the independent
and interactive contribution of genetic and environmental factors to
geographic variation in L. obtusata shell morphology in the GoM and
southwest Bay of Fundy.
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